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ABSTRACT

In this thesis, the relationship among friction stir processing (FSP) parameters,
microstructure evolution, texture development, and mechanical hehavior of AZ31B Mg
alloy was investigated.
First of all, in order to reveal the correlation among the deformation conditions,
dynamic recrystallization (DRX) mechanisms, and microstructure evolution in the Mg
alloy, hot compression tests at a wide range of Zener-Hollomon parameter (Z) values
were conducted. Through optical microscopic examination, it was found out that above a
critical Z value, twinning influences the DRX process resulting in a more effective grain
refinement, which is manifested in a significant change in the slope of the Z-drec
relationship, where drec is the recrystallized grain size. Moreover, EBSD examination
revealed that the twinning also contributed to a distinct change in the recrystallization
texture. Compression tests were performed along both through-thickness and in-rollingplane directions of the plate to study the orientation dependency of twinning activities
and its influence on the DRX process. X-ray line profile analysis (XLPA) provides
further insights by highlighting the differences in the dislocation density/types, subgrain
sizes, and twin densities during the DRX processes operating with or without the
twinning.
Secondly, the constitutive behaviour study was applied to the investigation of
microstructure evolution during FSP. By varying the key FSP parameters systematically,
vi

i.e. rotation and travel rates of the tool, a series of FSP specimens were prepared with a
wide range of thermo-mechanical inputs in terms of Z. The resulting tensile behavior in
the stir zone (SZ) showed a dramatic change as a function of Z, caused by a systematic
change in the texture within SZ measured by neutron diffraction.
A three-dimensional transient model was developed to investigate the detailed
deformation history including the temperature and strain rate profiles and material flow
pattern during FSP of the Mg alloy. Such deformation history can be combined with the
constitutive study from the compression tests in order to analyze the developments of
micro-texture and DRX grains during FSP, which will, in turn, dominate the mechanical
properties.
Based on the studies above, new fundamental understandings were gained on the
governing mechanisms for the deformation and recrystallization processes during FSP
and the influence of thermo-mechanical input during FSP on ductility enhancement in the
Mg alloy.
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Chapter 1
Introduction and General Information

1.1. Friction Stir Processing of Mg alloy
Mg alloys have advantages of light weight and high strength, which are desirable
for structural components in automobile or 3C (computer, communication, and consumer
electronic) industries. Pure magnesium is one of the lightest structural metals with a
density of 1.74 g/cm3, while aluminum is 2.70 g/cm3 and steel 7.85 g/cm3. As reported by
Abu-Farha [1], a mass reduction of 20% can be achieved by replacing aluminum with a
AZ31 Mg wrought sheet, meeting the same stiffness and strength requirements in largesurfaced/thin-walled applications, and even 50% of reduction if replacing steel. However,
the application of Mg alloys is limited by the relatively poor workability and low ductility
at low temperature due to its hcp structure with limited operating slip systems [2-4]. As
summarized by Kubota in a review paper [5], elongations are around 1~18% for various
Mg alloys.
It has been well documented that the plasticity and formability of Mg alloys can
be improved through grain refinement processing techniques, such as equal-channel
angular processing (ECAP) [6], cyclic extrusion compression (CEC) [7], and friction stir
processing (FSP) [3, 4, 8-10]. Furthermore, superplasticity, i.e. extraordinary high tensile
elongations, can be obtained in Mg alloy with fine grains (generally smaller than 10μm)
1

at controlled rates and elevated temperatures [11, 12]. Sato et al.[10] proposed that multipass FSP is a more promising technique for large scale grain refinement compared to the
other processes, and a final grain size of 2.7μm was achieved in die-cast AZ91D Mg
sheet, leading to a six-fold increase in the elongation.
However, according to Wang et al. [13], a relatively weak grain size dependency
of tensile behavior in the AZ31 Mg alloy samples with similar texture was observed.
More specifically, static annealing processes were conducted by Wang et al. [13] in the
hot-extruded Mg samples for grain growth. With the grain size varying from 2.5 to 8.0
μm, the elongation along extrusion direction decreased from 21% to 16%. It suggests that
mechanisms such as phase transformation and texture development in addition to the
grain refinement may be involved in the processing techniques dominating the
effectiveness of ductility improvement of Mg alloys.
It is noted that in magnesium and its alloys, slip by <a> dislocations on basal
planes is the easiest due to the lowest critical resoled shear stress (CRSS). Hutchinson et
al. [14] summarized that in single-crystal magnesium specimens prismatic <a> slip is
activated at CRSS values two orders of magnitude higher than that for basal <a> slip.
Therefore, the texture, especially the distribution of {0002} basal planes plays an
important role in the enhancement of formability of Mg alloys [15]. A number of studies
in ECAP [15-17] and CEC [7] processing techniques in Mg alloys have shown that the
modification of texture can increase the maximum Schmid factor of basal slips
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significantly, resulting in the decrease in yield strength and increase in the elongation of
Mg alloys [7].
There have been a number of studies on the influence of FSP on microstructure
and mechanical properties: for example, the dependence of final grain size in stir zone
(SZ) on FSP parameters [4, 11, 18]; and texture and tensile behavior in different positions
in the workpiece, namely, SZ, thermo-mechanically affected zone (TMAZ), and heataffected zone (HAZ) [10, 19-22]. However, the challenge still remains in the fundamental
understanding of the governing mechanisms for deformation and recrystallization
processes during FSP, their influence on texture formation, and the resulting mechanical
behavior of FSP Mg alloys.

1.2. Critical Issues and Objectives
In order to provide meaningful contributions for the advances in the fundamental
understanding of the relationship between FSP parameters, microstructure evolution, and
tensile behavior of FSP Mg alloys; the following critical issues are identified for the
current study:
(1) A systematic investigation is needed to better understand the relationship
among deformation conditions, possible DRX mechanisms, and final microstructure in
Mg alloys.
Elevated-temperature deformation studies of Mg alloys [23-25] showed that at
higher temperatures and lower strain rates, the dynamic recrystallization (DRX) process
3

only involves the activation of slip systems. Note that Zener-Hollomon parameter, Z, has
been used widely to combine the two deformation parameters [11, 23-26]. At lower
deformation temperatures and higher strain rates, the DRX process involves the operation
of twinning, and twin intersections serve as nucleation sites for new grains. Twinning in
Mg can result in a drastic change in texture. For example, extension twinning
{10 1 2}<10 1 1> reorients the basal pole around 86°. Therefore, knowledge of the
deformation history is a key factor for understanding the DRX process and texture
development in Mg alloys, which, in turn, dominates the mechanical behavior of the
DRXed Mg.
With the existing studies of thermo-mechanical processing in Mg alloys, it is
difficult to merge all the available data from different studies with various testing
methods and initial microstructures. Hence, a systematic study of the constitutive
behavior of Mg alloys is needed for the better understanding of the microstructure
evolution and texture formation during thermo-mechanical processing.
Moreover, in terms of grain refinement, Chang et al. performed FSP with a
constant travel rate of 1.5 mm/s and various rotation speeds ranging from 180 to 1800
rpm using AZ31B billets to achieve grain refinements from the initial grain size of 75 μm
to 2-8 μm in SZ [18]. In this study, an inverse proportional relationship between thermomechanical input parameter, Z, and the final grain size was established. It should be noted
that the maximum grain refinement does not typically yield the optimum plasticity [12].
Therefore, for the better design of grain refinement using the FSP technique, a
4

microstructure-based constitutive model is essential to provide fundamental insight into
the dependence of final grain size on deformation temperatures and strain rates.
(2) Detailed thermo-mechanical history during FSP is essential for the analysis of
active deformation mechanisms, microstructure evolution, and texture formation in Mg
alloys.
Chang et al. [18] reported that during FSP with tool rotation speed ranging from
180 to 1800 rpm and travel speed of 1.5 mm/s, strain rate range was estimated to be
around 100~102 s-1 and the peak temperatures in stir zone were measured to be around
523 to 723 K in Mg alloy AZ31 by using embedded thermocouples. Using in-situ neutron
diffraction, Woo et al. [27] reported a maximum temperature of 635 K near the top
surface of the Al alloy 6061-T6 plate during FSW. Friggard et al. [28] used
thermocouples to measure the peak temperature to be around 823 K during FSW of Al
6082-T6 alloy and estimated the strain rate of about 1 to 20 s-1.
In addition to these experiment-based studies, computational models have also
been developed for improved understanding of the thermal history and better
visualization of material flow during FSW and FSP of steel [29] and Al alloys [28, 30-37].
There has been few published work on modeling of the material flow and heat transfer
during FSP of Mg alloys. More importantly, the current models can be categorized by
two approaches, i.e., fluid flow [34, 35, 38, 39] and solid mechanics [36, 37]. In the fluid
flow models, a quasi-steady state is commonly assumed, which neglected the actual
heating and cooling thermal cycles during FSP. On the other hand, in the solid mechanics
5

approach, a typical smooth cylindrical pin surface is used due to the difficulty in handling
the complex material flow driven by the threaded tool pin. Therefore, a transient model
with the actual tool geometry is needed in order to obtain the detailed deformation history
during FSP of Mg alloy.
Figure 1.1 shows the outline of the thesis. The ultimate goals are to understand the
influence of FSP parameters (i.e. tool rotation speed and the travel rate) on microstructure
evolution, texture development, and the tensile behavior of the AZ31B Mg hot-rolled
plate, and provide a guideline (the relationship between processing parameters and
microstructure evolution process) for optimization of FSP parameter design with desired
final grain size, texture, and enhanced formability. Therefore, the following specific
objectives are identified for the current study:
(1) to characterize deformation mechanisms and the corresponding microstructure
evolution and texture development in AZ31B Mg alloy as a function of thermomechanical input in terms of Zener-Hollomon parameter (Z) and their orientation
dependency through a series of compression tests including through-thickness
compression (TTC) and in-plane compression (IPC) tests; and to establish a relationship
between Z and final dynamically recrystallized grain size, drec;
(2) to identify the correlation among friction stir processing (FSP) parameters,
texture development, and mechanical properties of AZ31B Mg alloy by varying the key
processing parameters systematically, i.e. rotation and travel rates of the tool, covering a
wide range of thermo-mechanical inputs in terms of Z.
6

(3) to study the detailed temperature and strain rate profiles during FSP using 3-D
simulation for a better understanding of the active deformation modes and DRX
mechanisms during microstructure and texture evolutions.
(4) to validate the 3D simulation of thermal history during FSP by comparing with
the experimental results.
With the efforts in this study, a guideline for the optimized design of FSP
parameters for desired mechanical properties in Mg alloys can be established. Therefore,
the application of Mg alloys can be potentially broadened, for instance, to energy saving
light-weight structural components in automobile industry.
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Objectives:
• Study the effect of FSP parameters on:
- Microstructure evolution
- Texture formation
- Mechanical behavior
z Provide a guideline for parameter design for
desired properties

Compression tests: Constitutive Behavior
z

z

z

z

Deformation mechanisms characterization
- Constitutive equation (input for Model)
Characterization of DRX mechanisms
- OM, EBSD and X-ray line profile analysis
Texture change after DRX
- EBSD
Z~drec relation summarized from OM

FSP Modeling

FSP Experiments
z

Simulate the deformation history:
z Thermal history
z Strain rate history
z Flow pattern

z
z

z

FSP parameters design
Thermal history measurement for 3D model validation
Texture measurement
- Neutron diffraction
Tensile behavior

Mechanism Analysis for FSP
Combine modeling and compression tests, to analyze
FSP experiments:
z Active DRX mechanisms
z Texture development

Expected Results
z At higher Z input, twinning occurs during DRX process
and influences the texture development during FSP.
z Texture changes dominate the tensile behavior of Mg
after FSP.

Future Work
In-situ neutron diffraction measurement of tensile
behavior of FSP Mg with modified textures.
z Simulation of Z evolution during FSP for microstructure
and texture development analysis.
z

Figure 1.1. Schematic outline of the thesis.
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Chapter 2
Literature Review

2.1. Friction Stir Processing in General
Friction stir processing (FSP) is a technique developed from friction stir welding
(FSW), a solid-state joining process, during which melting point is not reached. The main
difference between the two techniques is the existence of a joint. As shown in Figure 2.1
(a), during FSP a cylindrical threaded tool pin rotates and plunges into the workpiece and
stirs the material causing a severe plastic deformation, while the shoulder part of the tool
forges down the workpiece providing friction heating [3]. As the tool travels along the
processing line in longitudinal direction (LD), a severely-deformed and dynamically
recrystallized (DRXed) ‘stir zone (SZ)’ is produced that has much finer grain sizes [3, 10,
11, 18, 19], as well as a thermo-mechanically affected zone (TMAZ) with coarser grains
and heat-affected zone (HAZ) with larger grains close to the initial grain size in the base
metal as shown in Woo’s work [19], in Figure 2.1 (b) and (c).
As summarized in a review paper [3], FSP parameters commonly used in Mg
alloys are in the range of 250-3600 rpm for rotation speed and 0.53-12.5 mm/s for
traverse speed. Final grain sizes in the SZ were generally less than 20 μm. Sato et al. used
FSP for AZ91D Mg alloy with two sets of parameters, 800 rpm with 12 mm/s and 1200
rpm with 1.5 mm/s, to produce stir zone with average grain sizes of 2.7 and 7.0 μm,
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respectively [10]. Chang et al. used 1200 rpm and about 0.5 mm/s to refine grain size
from 75 μm down to 100-300 nm by equipping the FSP facility with a rapid heat sink [8].
The shape of SZ (also named “nugget zone”) is determined by thermal properties
of the material, tool pin geometry, and FSP parameters, etc. [3]. For example, Figure 2.2
(a) and (b) illustrate the effect of FSP parameters in cast A356, processed at 300 rpm and
0.85 mm/s, 900 rpm and 3.38 mm/s, respectively [3, 40]. Figure 2.2 represents the two
main types of SZ shape, a basin-shaped nugget in Figure 2.2 (a), and an elliptical nugget
in Figure 2.2 (b).

2.2. Flow Pattern, Strain Rate and Temperature during FSP
Within the SZ, the complex flow patterns are usually spiral/vortex-like attributed
to the stirring motion of the pin tool with features of threads and flutes, extrusion of
material near the retreating side of the tool pin, and the filling action in the cavity behind
the tool as it travels along the processing line [41, 42]. In order to optimize the FSP/FSW
parameters for a defect-free SZ, numerous studies have focused on the visualization of
material flow using either numerical simulation [31, 43-45], or experimental examination
with post-mortem ways such as (1) marker-insert technique [46], (2) embedding small
balls of different materials from the workpiece [47], (3) differential etching method for
the case of joining dissimilar materials [48, 49], and (4) stop-action technique [50], in
which the pin tool was stopped and a faying surface tracer was used to visualize the local
metal flow.
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Moreover, microtexture analysis has been used to deduce the material flow in SZ
since the deformation process during FSP has a crystallographic nature [51-53]. Through
orientation imaging microscopy (OIM), the material flow was deduced to follow the
rotation direction of the pin surface by shear stress. Sato et al. [53] observed a SZ with
“onion ring” structure on the cross section as shown in Figure 2.3 (a), and the trace of
(0002) basal planes was observed to form an ellipsoidal surface in Figure 2.3 (b), and the
preferred slip system was considered to be basal slip. In fact, during FSP of magnesium
alloys, dynamic recystallization occurs due to the high strain rates and strain levels,
which leads to the microtexture evolution and grain refinement. Suhuddin et al. [21]
conducted microtexture evolution analysis using electron back-scatter diffraction (EBSD)
technique, and found out that {10 1 2} twinning occurred further ahead of the tool and
discontinuous DRX was presumed to be involved in the complex microstructure
evolution closer to the tool in AZ31 Mg alloy. Texture development near the tool surface
was correlated with microstructure evolution, where basal {0002} planes tended to align
with the shear planes, i.e. tool shoulder and pin surfaces.

2.3. Deformation Mechanisms in Mg
The hexagonal close packed (hcp) crystal structure leads to the plastic anisotropy
in magnesium and it alloys. In Mg and it alloys, three major types of twin systems have
been observed: extension, contraction and secondary twins [54]. Extension twin
{10 1 2}< 1 011> can be activated by applying tensile stress parallel to c axis or
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compressive stress normal to c axis of the hcp structure [55]. As indicated in Figure 2.4
[55, 56], extension twinning occurs in magnesium extruded rod with the basal plane
parallel to the extrusion axis when applying compressive stress parallel to the axis but not
in tensile stress. Furthermore, the {10 1 2} twinning ideally reorient the c axis by about
86° [57]. As shown in Figure 2.5 (a) [58], the AZ31B Mg rolling plate has a strong initial
texture with most of the basal poles parallel to the normal direction (ND). After
compression along rolling direction (RD), the initial texture was completely reoriented
towards RD as in Figure 2.5 (b) [58]. Similar texture reorientation was observed by
Brown et al. [57] in the hot-rolled Mg alloy AZ31B plate during in-plane compression
and the initial texture was completely reoriented at a strain of 14%.
On the contrary, as contraction along c axis is accommodated by the { 1 011}
contraction twins, basal planes are reoriented by about 56° around the <1 2 10> axis, and
the secondary twin {10 1 2} rotates the basal pole “back” around the same axis by about
86° as shown in Figure 2.6, leading to a net reorientation of the original c axis by 38°
around the <1 2 10> axis [59, 60]. It dramatically increases the Schmid factor of basal slip
close to the maximum value of 0.5 [61]. Double twins typically show a thin and long
morphology [61], and are favored at the early deformation stage [54, 60-62]. These twins
subdivide the original grains and small narrow subgrains are generated between the twin
walls due to the twin-twin and/or dislocation-twin interactions [60, 63, 64]. More
specifically, as reported by Xu et al. [60] through the EBSD examination of as-cast AZ91
Mg alloy during hot compression, the subgrains could result from the mutual crossing of
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{ 1 011} contraction twins and/or the {10 1 2} re-twinning inside of the primary
contraction twin.

2.4. Dynamic Recrystallization Mechanisms in Mg alloys
A number of studies have shown that dynamic recrystallization (DRX) is the
governing mechanism of grain refinement and texture development in various Mg alloys
during thermo-mechanical tests, such as forging [65], compression [23, 26, 66, 67],
tension [68], torsion [11, 69], and extrusion [11]. In the following sections, the
fundamentals of DRX are summarized in terms of introduction of definitions, dominant
deformation mechanisms, its effect on the microstructure of Mg alloys.

2.4.1. General Introduction of DRX
Recrystallization process is of significant importance to the plastic deformation of
metals and alloys for two primary reasons. Firstly, it softens the hardened material by
relatively low temperature deformation (lower than 0.5Tm). Secondly, it modifies the
grain structure of the materials, such as control of phase transformation in iron, titanium,
and cobalt, and generation of new microstructure, e.g., grain size and micro-texture [70,
71]. For instance, during annealing process, recovery occurs prior to recrystallization to
partially restore the microstructure and properties of cold worked metals, in which
dislocations are rearranged and annihilated. Recrystallization may occur as a further
restoration process to form new dislocation-free grains within the deformed or recovered
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structure, i.e., remove the remaining dislocations in the materials after recovery. New
grains grow and consume the old grains, which generates a new structure with low
dislocation density. Further annealing can cause grain growth, in which grains grow
larger and coarse. Abnormal grain growth (several times larger than the mean grain size)
is also possible during further annealing, especially in fine-grained microstructure with a
single strong texture component. The growth tends to occur in selected grains with higher
angle boundaries than the mean misorientation angle [70].
Recovery, recrystallization and grain growth may occur in two ways. If they occur
heterogeneously throughout the material with regular nucleation and growth stages, they
are called discontinuous process. They may also occur homogeneously and there are no
identifiable nucleation and growth stages during microstructure evolution process. In this
case, they are termed as continuous process [70].
During high temperature deformation, terms dynamic recovery and dynamic
recrystallization (DRX) are used to distinguish them from the static annealing process
that occurs during post-deformation heat treatment. DRX process involves the
simultaneous operation of deformation and softening mechanism. DRX can also be
classified into discontinuous and continuous recrystallization (DDRX and CDRX) [70].

2.4.1.1. Discontinuous DRX
During discontinuous DRX (DDRX), new grains originate at high angle
boundaries (usually larger than 15°), e.g., original grain boundaries, boundaries of DRX
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grains, and/or high angle boundaries generated during strain accumulation such as
deformation bands and twins. Distinct nucleation and grain growth stages are expected to
be identified. Figure 2.7 illustrates strain induced grain boundary migration (SIBM), i.e.,
nucleation of DDRX, at the original grain boundary [72]. As shown in Figure 2.7 (a) and
(b), respectively, SIBM may occur by bulging of a grain boundary adjacent to either
multiple subgrains/cells, or a single subgrain [72]. Furthermore, the development of
microstructure during DDRX is schematically shown in Figure 2.8 [70]. In Figure 2.8 (a),
new grains nucleate at the original grain boundaries. As strain increases, more grains
form at the new high angle grain boundaries (HAGBs) in Figure 2.8 (b). With a
significant difference between the initial grain size and the new grain size, a ‘necklace’
structure can be formed as illustrated in Figure 2.8 (b) and (c). Finally the original
microstructure is replaced by fine DRX grains after complete recrystallization in Figure
2.8 (d).

2.4.1.2. Continuous DRX
Continuous DRX (CDRX) can be considered as a recovery dominated process
where low angle boundaries are conversed progressively into high angle boundaries. Two
processes can be classified as continuous DRX. One is rotation recrystallization, and the
other is geometric DRX [70].
For rotation recrystallization, as the material is deformed, geometrically necessary
dislocations rearrange through dynamic recovery, leading to the formation of subgrains
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adjacent to pre-existing grain boundaries as schematically shown in Figure 2.9 (a)-(c) [62,
70]. The subgrains are driven to rotate progressively. With increasing misorientation at
larger stain, high angle boundaries are developed. While in the center of the old grain,
subgrains may not be well developed or have relatively low misorientation. It may lead to
a partially recrystallized ‘necklace’ structure, but at larger stain a fully recrystallized
structure can also be formed. During rotation recrystallization, the process is progressive,
and no clear stages of nucleation and grain growth can be identified. Also, within the new
grains through rotation recrystallization, high density of dislocations may be present [23,
68, 73], which was observed by the TEM examination conducted by Tan et al. [68] in
AZ31 Mg alloy deformed at 250°C and 1×10-4 s-1 as shown in Figure 2.10. On the other
hand, DDRX removes dislocations through sweeping motion of high angle boundaries.
Moreover, during rotation DRX, subgrains may develop in the original grain interior
besides the grain boundaries [70, 73], which is different from DDRX.
At high temperature deformation, especially in Al alloys, geometric DRX occurs
[70]. After deformation to large strains, a microstructure consisting extensively of highangle grain boundaries may be formed. Minor boundary movements during deformation
give rise to a fine-grained and equiaxed microstructure with a large number of high-angle
boundaries, which is shown schematically in Figure 2.11 [70]. The main difference
between geometric DRX and conventional discontinuous DRX is the crystallographic
texture. Texture evolved from discontinuous DRX is quite different from the deformed
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texture, whereas the texture during geometric DRX remains largely unchanged due to
little high angle boundary migration [70].

2.4.2 DRX in Mg alloy
DRX is dominated by various deformation modes activated at different
deformation conditions. The typical mechanical test conditions for Mg alloys were
reported within a temperature range from 150 to 450 °C and strain rate between 10-5 and
1 s-1. The lowest temperature for DRX to occur in AZ31 Mg alloy has been reported to be
200 °C [65-67]. For more details, it was found [23-26] that at higher temperature and
lower strain rate, dynamic recrystallization (DRX) process only involves the activation of
slip systems in Mg alloys. At low deformation temperature and high strain rate, the DRX
process involves the operation of twinning, where twin intersections serve as nucleation
sites for new grains.
The two key deformation factor, i.e., deformation temperature (T) and strain rate
( ε& ), are commonly combined into a thermo-mechanical input in terms of ZenerHollomon parameter, Z, as expressed by the equation below:

ε& exp(Q / RT ) = Z

(2-1)

where Q is the activation energy as a standard parameter indicating the governing
slip systems and R is the gas constant. According to Barnett’s study [74] on the
deformation of extruded AZ31 Mg alloy during tensile tests between room temperature
and 573 K at 0.01, 0.1 and 4 s-1, the critical Z value for twinning to occur in AZ31 Mg
17

alloys was reported between 1010~1014 s-1 depending on the initial grain size as shown in
Figure 2.12. Take the case with an initial grain size of 30 μm for instance, the critical Z
value for twinning to occur is near 4x1011 s-1.
Galiyev et al. [23] reported that through the compression tests of ZK60 Mg alloy
the deformation behaviors and corresponding DRX mechanisms are different at various
deformation temperatures and strain rates based on the optical microscopy and
transmission electron microscopy (TEM) investigations. At temperatures below 473K,
combined basal slip and twinning dominate. Surface observations showed the formation
of fine grains with high angle non-equilibrium grain boundaries, which was caused by
progressive lattice rotations in areas of high dislocation density near twin boundaries.
(a+c) dislocation slip operates. The feature of DRX was defined as low-temperature DRX
(LTDRX) by Galiyev et al. [23]. At intermediate temperatures from 473K to 523K, crossslip controls a dislocation glide on non-basal planes. A low-angle boundary network is
generated near the original boundaries by cross-slip and climb. Continuous absorption of
dislocations around the low-angle boundaries leads to the formation of new grains with a
“necklace structure” along the original boundaries, which is characterized as continuous
DRX (CDRX). At high temperatures ranging from 573K to 723K, the activation energy
increases closely to the value for magnesium volume self-diffusion. Hence dislocation
climb is controlled by diffusion. Bulges of grain boundaries, which can be considered as
the nucleation of DRX grains, form through strain localization at extensive multiple slip
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lines. New grains are formed in those slip bands both near the original boundaries and
within original grains. Conventional discontinuous DRX occurs.
After the completion of DRX, an inversely proportional relationship between Z
and final DRXed grain size can be established [23, 65, 66], as illustrated in Figure 2.13 (a)
and (b), obtained in Mg alloys ZK60 and AZ31 during compression tests, respectively.
It has been observed that the DRX process that involves twinning generally forms
smaller new grains in as-cast AZ31 [23, 69]. However, limited effort has been made for a
quantitative understanding of the influence of twinning on the DRX grain size unlike the
other cases where the process is dominated mainly by slip systems [11, 23, 68]. For the
existing studies, it is difficult to merge all the available data from different studies with
various testing methods and initial microstructure in the specimens. Therefore, a
systematic investigation is needed to better understand the relationship among
deformation conditions, final microstructure, and possible DRX mechanisms in Mg
alloys.
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Figure 2.1. (a) Schematic (not to scale) of friction stir processing (FSP) of Mg plate; (b)
macrostructure of the cross section after FSP showing the contour of stir zone[19]; and (c)
optical micrographs showing the fine grains in stir zone, coarser grains in thermomechanically affected zone and large grains in heat-affected zone, respectively [19].
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Figure 2.2. The dependence of SZ shape on FSP parameters in A356 with: (a) 300 rpm at
0.85 mm/s, and 900 rpm at 3.38 mm/s, respectively [3, 40].
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(a)

(b)

Figure 2.3. Schematics of (a) transverse cross section of SZ; and (b) trace surface of
(0002) basal plane with an onion shape below the borderline produced by FSP in Mg
alloy AZ61 wrought plate [53].
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Figure 2.4. Stress-strain curves of extruded magnesium bar testes in tension and
compression, respectively. The basal pole in the strong fiber texture is parallel to the
loading axis [55, 56].
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Figure 2.5. {10 1 0} and {0002} pole figures of AZ31B Mg plate for the (a) initial
texture, and (b) reoriented texture after compression along rolling direction [58].
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Figure 2.6. Schematic illustrations of (a) double twin [59, 60] and (b) the misorientation
angle relationship between the matrix and double twin [60].
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Figure 2.7. Stain induced grain boundary migration (SIBM) adjacent to (a) multiple
subgrains or cells, and (b) a single large subgrain, respectively [72].
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Figure 2.8. The development of microstructure as strain accumulates from (a) to (d)
during DRX. Dotted line is the prior grain boundaries [70].
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Figure 2.9. Schematic diagram of deformation and DRX in the grain boundary regions of
Mg alloys [62, 70].
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Figure 2.10. TEM micrographs of two subgrains A and B generated during CDRX
process in AZ31 Mg alloy deformed at 250°C and 1×10-4 s-1. θAB denotes the
misorientation angle between the two neighboring subgrains. The white arrows mark the
location of subgrain boundary [68].
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Figure 2.11. Schematic diagram of geometric DRX. As deformation accumulates, the
serrated HAGBs (dark lines) become closer, although the subgrain size remains almost
constant. Eventually the HABGs impinge, giving rise to a microstructure of mainly high
angle boundaries [70].
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Figure 2.12. Hot deformation microstructure map of AZ31Mg alloy showing the critical
conditions for twinning to occur and involve in the dynamic recrystallization process.
The approximate conditions in the main wrought deformation processes were estimated
and marked in the figure also [74].
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(a)

(b)

Figure 2.13. Relationships between the inverse of dynamically recrystallized grain size
and Zener-Hollomon parameter summarized by (a) Galiyev et al. [23] and (b) Guo et al.
[66], respectively.
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Chapter 3
Grain Refinement and Texture Development
during Dynamic Recrystallization of a AZ31B Mg alloy

3.1. Introduction
For the better design of grain refinement processes, a microstructure-based
constitutive model is essential to provide a detailed understanding of the dependence of
recrystallized grain size on deformation temperatures and strain rates. A number of
studies have shown that the grain refinement in various Mg alloys is caused by dynamic
recrystallization (DRX) mechanisms corresponding to different deformation modes
activated at various deformation conditions during forging [65], torsion [11, 69], uniaxial
compression [23, 26, 62, 66], and tension [68] tests. Typical test conditions include the
temperature range from 423 to 723 K and strain rate between 10-5 and 1 s-1. For example,
Ion et al. [62] showed that; for Mg-0.8%Al specimens through compression tests at
temperatures ranging from 423 to 643 K and at a strain rate of 10-5 s-1; twinning occurs at
temperatures below 533 K, while the critical resolved shear stress for non-basal slip
decreases as the temperature increases. It has been observed that the DRX process that
involves twinning generally forms smaller new grains in as-cast AZ31 [23, 69]. However,
limited effort has been made for a quantitative understanding of the influence of twinning
on the DRX grain size unlike the other cases where the process is dominated mainly by
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slip systems [11, 23, 68]. Furthermore, it is known that the hcp structure of Mg alloys
leads to the anisotropic mechanical properties. For instance, extension twin can be
activated by tensile stress along the c axis or compressive stress normal to it, while
contraction and double twins can be activated for the opposite loading directions [57, 62,
75]. However, the influence of the loading direction on the grain refinement process has
not drawn much attention yet, which raises a question on the validity of applying the
microstructure-based constitutive model developed from uniaxial tests to processing
techniques with more complex material flow patterns. For example, during FSP, a
cylindrical threaded tool pin rotates into a solid-state workpiece producing a complex
material flow around the pin surface, and results in a DRX microstructure [22, 76].
In this work, a series of compression tests under a wide range of strain rates and
temperatures were conducted on an AZ31B wrought Mg alloy plate along throughthickness and in-plane directions to investigate the relationship between the DRX grain
size and deformation conditions in terms of Zener-Hollomon parameter. The aim is to
show the effects of the twinning and loading directions on the grain refinement process.

3.2. Experimental Details
3.2.1. Material and Mechanical Testing
A commercial hot-rolled AZ31B Mg alloy wrought plate with a thickness of 6.5
mm was used in this study. The nominal composition in mass percentage is Mg2.5~3.5%Al-0.7~1.3%Zn. The initial grain size in the plate is about 30µm. The hot-rolled
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Mg plate shows a typical basal texture with <0001> parallel to the normal direction (ND)
of the plate. Cylindrical samples for through-thickness compression (TTC) tests were
machined from the plate with the cylinder axis parallel to the plate thickness by electrical
discharge machining (EDM) with the dimensions of 4 mm in diameter and 6.5 mm in
height. The deformation temperature and strain-rate ranges were 573-723 K and 10-3-10
s-1, respectively. Before hot compression tests, each sample was pre-heated up to a
desired test temperature and then held for about 20 min for thermal equilibrium. The tests
were stopped when either fracture occurred or a desired amount of strain ranging from
2% to 50% was reached. Immediately after unloading, the deformed samples were
quenched in water. The same procedures were repeated for in-plane compression (IPC)
tests with specimens machined with the cylinder axis parallel to the rolling direction (RD)
of the Mg plate.

3.2.2. Microscopy
In order to investigate the microstructure evolution of Mg, microscopic
examinations were made on the cross sections parallel to the compression surface in
samples deformed to various strains. For optical microscopy, the samples were finishpolished by 0.25 µm diamond paste and etched in acetic picral solution (30 ml water, 100
ml ethanol, 5 ml acetic acid, and 3 g picric acid powder). Using the optical micrographs,
the grain size after DRX, drec, was measured by the linear intercept method [77].
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Electron backscatter diffraction (EBSD) method was employed to study the
orientation relationships and micro-texture evolutions as DRX progresses from 20% to
50% of strains on the cross sections parallel to the compression surface of both TTC and
IPC samples. A JEOL 6500F field emission gun (FEG)-scanning electron microscope
(SEM) equipped with a EBSD detector was used at the SHaRE facility at the Oak Ridge
National Laboratory (ORNL). The EBSD samples were finish-polished by 0.05 µm OP-S
colloidal silica solution (50% of ethanol and 50% of colloidal silica), and etched for 5
seconds in a mixture of 60 ml ethanol, 20 ml H2O, 15 ml acetic acid, and 5 ml nitric acid.
An acceleration voltage of 15 keV was used, and the work distance was set to be 20mm.
The sample was tilted at an angle of 70°. Table 1 summarizes the detailed deformation
conditions for the OM and EBSD samples.

3.3. X-Ray Line Profile Analysis
X-ray diffraction measurements were conducted on the top surface of samples
TTC 1-3 and 2-3 deformed at a strain of 12.5% at low and high Z values, respectively, as
shown in Table 3.1. A high-resolution double-crystal diffractometer was employed so
that the instrumental broadening on the diffraction profile is negligible [78-80]. The
cross-section area of the beam at the specimens was 0.15 (horizontal width) × 1.50 mm2.
The subgrain size, dislocation types and density as well as twin density were evaluated
through x-ray line profile analysis (XLPA) using an extended Convolutional Multiple
Whole Profile (eCMWP) procedure [78, 81].
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In the eCMWP procedure, the measured x-ray diffraction pattern, Imeas, was
considered to be composed of the theoretical strain, size, and twinning (or faulting)
profiles, instrumental profile, and the background, as expressed in Eq. (3-1) [78, 81]:

I meas ⇔ I strain ∗ I size ∗ I twin ∗ I inst + BG

(3-1)

where ⇔ denotes the nonlinear least squares procedure. The background, BG, is
determined by a spline connecting the intensity values at the bottom of each peak
shoulder defined interactively by the user, or a fitted sum of Legendre polynomials [78].
The Fourier transform coefficient of Istrain is given as [82, 83]:

AgD ( L) = exp[− ρBL2 f (η ) g 2 C ]

(3-2)

where g is the absolute value of diffraction vector and D stands for distortion. L is the
Fourier length defined as L = nλ / 2(sin θ 2 − sin θ 1 ) , in which n is the integer, λ is the
wavelength of incident beam and θ 2 − θ1 is the angular range of the diffraction profile
[84]. ρ is the dislocation density. B = πb 2 / 2 , in which b is the modulus of the Burgers
vector. f(η) is the Wilkens function [82]. C stands for the average dislocation contrast
factor, expressed by the equations below [83]:

C = C h 00 (1 − qH 2 ) and C = C hk 0 1 +

[h

{[

]

}

A h 2 + k 2 + (h + k ) 2 + Bl 2 l 2
2

+ k + (h + k ) + (3 / 2)(a / c) 2 l 2
2

2

]

2

(3-3)

in which C h 00 and C hk 0 are the average dislocation contrast factors for reflections h00
and hk0, respectively; H 2 = (h 2 k 2 + h 2 l 2 + k 2 l 2 ) /( h 2 + k 2 + l 2 ) 2 ; q, A and B are
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dependent on the elastic constants and the dislocation type (i.e., edge or screw
dislocation). a and c are the lattice parameters of the Mg alloy.
The Fourier transformation of Isize is given by [83]:
∞

{

}

A S ( L) = ∫ ( μ 2 − L μ )erfc [ln(μ / m)] / 21 / 2 σ d μ

(3-4)

L

where μ is the column parallel to the diffraction vector and related to the crystallite
geometry. erfc stands for the complementary error function. m is the median and σ2 is the
variance of the size distribution function, so that determine the profile shape [83, 85]. The
area-weighted mean grain size can be calculated by x

area

= m exp(2.5σ 2 ) [83, 86].

The full width at half maximum intensity (FWHM) scattered by twin lamellae is
given by:

FWHM ( β ) =

2β
D(1 − β ) 1 / 2

(3-5)

where D is a fitting constant, and β is the twin frequency. More details about the eCMWP
code are available in references [78, 81, 83].
Therefore, using XLPA method, the information of dislocation types activated
during hot deformation of the Mg alloy, dislocation densities (ρ), twin frequency (β),
mean size ( x

area

) of subgrains and the median and variance of size distribution function

(m and σ2, respectively) can be obtained.
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3.4. Results and Discussion
3.4.1. Compression Tests

Examples of TTC test results of specimens are presented in Figure 3.1. A few
specimens fractured prematurely before 50% stain such as those in Figure 3.1 tested at
strain rates higher than 0.05 s-1 and a temperature of 573 K. Otherwise, specimens were
deformed to 50% strain. In Figure 3.1, when the strain rate is faster than 0.05 s-1, the
stress-strain curve rises up continuously with the increasing strain. On the other hand,
when strain rate is slower than 0.05 s-1, a steady state is present after a peak stress is
achieved. A similar behavior was observed at other temperatures as well.
Figure 3.2 summarizes the relationship between the strain rate, ε& , and steadystate stress, σ, of TTC tests. A constitutive equation as shown below was employed to fit
the deformation behavior of TTC samples [11, 22, 69, 75, 87]:
⎛ Q ⎞
n
⎟ = A(sinh ασ ) = Z
⎝ RT ⎠

ε& exp⎜

(3-6)

The two parameters, strain rate, ε& (/s), and peak temperature, T (K), are incorporated
into the Zener-Hollomon parameter, Z (/s), as defined in Eq. (2-1). R is the gas constant.
σ is the steady state stress, obtained at a strain of 20%. A and α are the material constants.
Q is the activation energy with a calculated value of 164 kJ/mol, which is a standard
parameter indicating the governing slip systems. The stress exponent, n, was calculated to
be around 5.7 to 6.9. The two materials constants were determined as: α = 0.0147 MPa-1
and A = 2.3×106 s-1 by fitting all five ε& ~ σ curves shown in Figure 3.2 using Eq. (3-6).
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The relationship between Zener-Hollomon parameter, Z, and sinh(ασ) is shown in Figure
3.3, which is a different way of presenting Figure 3.2. The result also clearly shows the
changes in deformation mechanisms with the changes in the slope, with a transition zone
at 5.7×1011 s-1 < Z < 7.8×1012 s-1.
Selected deformation behavior of TTC and IPC samples within a strain of 20% is
summarized and compared in Figure 3.4. When deformed at lower Z values, e.g., 723 K
and 0.01s-1 with Z=7.2×109 s-1, TTC and IPC samples demonstrate identical stress-strain
curves. On the other hand, when deformed at higher Z values, e.g., 573 K and 0.1s-1 with
Z=9.1×1013 s-1, the stress-strain curve of IPC samples exhibited the typical low hardening
region with a plateau [55] below about 5% of strain indicating the activation of
{10 1 2}< 1 011> tension twinning. However, when deforming at the same Z value on
TTC specimens, i.e., 9.1×1013 s-1, a relatively smooth stress-strain curve with much
higher yield strength.

3.4.2. Light Optical Microscopy

Figure 3.5 shows the microstructure evolution as a function of strain of 2% to
20% for a low Z input at 7.2×109 s-1, and a high Z input at 4.5×1014 s-1, from TTC
specimens; and another high Z input at 9.1×1014 s-1 from IPC samples. As listed in Table
3.1, the TTC samples for low Z input are TTC 1-1, 1-2, 1-4 and 1-5, while these for high
Z input are TTC 2-1, 2-2, 2-4 and 2-5. The IPC samples at high Z are IPC 1-1, 1-2, 1-3
and 1-4.
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For TTC specimens 1-1 to 1-5, when deformed at the lower Z value, a few large
grains were observed at a strain of 2% due to the grain growth during the heating process
prior to the deformation as shown in Figure 3.5 (a). At 6% of strain in Figure 3.5 (b), the
original grain boundaries turned serrated. As strain further increased from 15% to 20% in
Figure 3.5 (c) and (d), respectively, serrated boundaries were more prevalent and clusters
of new DRX grains were formed with a ‘necklace’ structure adjacent to the original grain
boundaries.
On the other hand, in TTC samples 2-1 to 2-5, when deformed at the higher Z
value, e.g., 4.5×1014 s-1, several thin twins started to present at a strain of 2% in the
relatively larger grains as illustrated in Figure 3.5 (e). As strain accumulates to 6% in
Figure 3.5 (f), higher twin density was observed in both the larger grains and original
grains. Figure 3.5 (g) indicates that at a strain of 15%, DRX process has already initiated
between the twin walls inside of the larger grains. DRX grains were also formed at the
initial grain boundaries. In some heavily recrystallized regime, the entire grains were
almost replaced by the new fine DRX grains. As strain accumulated to 20% as shown in
Figure 3.5 (h), more extensive twinning was observed in most of the original grains.
In contrast, for IPC samples 1-1 to 1-4 deformed at high Z values, e.g., 9.1×1013
s-1, similar microstructure evolution process was observed compared to that in TTC
samples deformed at high Z values, although the DRX process seems delayed. New DRX
grains were not observed until a strain of 20%.
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In more details, optical microscopic examination was performed on TTC
specimen 3, 4, 5 and 6, and IPC specimen 2, as listed in Table 3.1, to reveal the
differences in DRX processes influenced by the transition in the deformation mechanisms
corresponding to the slope change in Figure 3.2. Figure 3.6 (a) and (b) show the
microstructures of TTC specimens 3 and 4, respectively, deformed at Z-parameters lower
than 5.7×1011 s-1, i.e., with higher temperatures and slower strain rates. In partially
recrystallized regions at a strain of 20%, Figure 3.6 (a) (T = 623 K, ε& = 0.005 s-1, and Z =
2.9×1011 s-1) shows serrated boundaries (SBs) and clusters of fine grains generated
adjacent to the SBs. Figure 3.6 (b) (T = 673 K, ε& = 0.001 s-1, and Z = 5.4×109 s-1) shows
a fully recrystallized region with a relatively homogeneous distribution of fine grains at
50% strain. It is noticed that the fine grain size tends to remain constant as the DRX
proceeds. On the other hand, qualitatively different microstructure was observed in TTC
specimens 5 and 6 deformed at Z > 7.8×1012 s-1 (lower temperatures and higher strain
rates) as illustrated in Figure 3.6 (c) and (d), respectively. Figure 3.6 (c) (T = 623 K, ε& =
0.5 s-1, and Z = 2.9×1013 s-1) shows a marginally recrystallized region at a strain of 20%.
It shows a clear difference in that significant twinning was observed. Elongated subgrains
are observed between some twin walls with a relatively larger spacing forming a
“bamboo” structure [69]. In addition, fine DRX grains were also generated near the
original grain boundaries, especially at the triple-junction of neighboring grain
boundaries, e.g., at the upper left corner of the micrograph. Figure 3.6 (d) (T = 623 K, ε&
= 1 s-1, and Z = 5.7×1013 s-1) shows a fully recrystallized region at a strain of 50% with a
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much finer grain size (about 4 µm) than the parent metal. Note that the DRX grains
developed at higher Z values are apparently much smaller than those deformed at lower Z
values comparing Figure 3.6 (d) to (b).
Compared to TTC tests, IPC tests at low Z values showed identical stress-strain
behavior and DRX processes in terms of microstructure evolutions. Twin boundaries
were not observed throughout the hot-deformation process, although the loading direction
now favours for the extension twinning. On the other hand, when deformed at high Z
value, the stress-strain curve of IPC samples (not shown here) exhibited a typical low
hardening region with a plateau [55] below about 5% of strain indicating the activation of
tension twinning. For instance, as shown in Figure 3.6 (e) (T = 573K, ε& = 0.5 s-1, and Z =
4.5×1014 s-1), in partially recrystallized regions of sample IPC 2, twins with various
thickness were observed. Fine DRX grains were preferentially formed inside of twin
walls, which is similar to Figure 3.6 (c) of a TTC sample. As a result, as illustrated in
Figure 3.6 (f), an average grain size of around 3 µm was obtained in fully recrystallized
regions of sample IPC 2. The apparent inhomogeneous distribution of grain size is also
similar to that in Figure 3.6 (d).
Based on the optical microscopic examination on the TTC specimens deformed to
50% of strain, the dependence of fully-recrystallized grain size, drec, on the ZenerHollomon parameter, Z, were identified, and Figure 3.7 summarized the Z-drec
relationship. Two linear equations are used to fit the measured data:
log(d rec ) = 1.71 − 0.07 log( Z ), ( Z < 1.9 × 1012 s −1 )
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log(d rec ) = 2.62 − 0.15 log( Z ) , ( Z > 1.9 × 1012 s −1 )

(3-7)

The transition of the two equations indicates that the grain refinement process
through the DRX is governed by two different deformation and DRX mechanisms.
Apparently, at Z > 1.9×1012 s-1, the grain refinement process is more effective with a
doubled slope comparing to the lower Z values. The possible mechanisms governing the
change in the slopes of grain refinement will be further discussed later. Furthermore, the
Z-drec relationship summarized from IPC tests is almost identical to that from the TTC
tests. The reasons for such similarities will be discussed in details in section 3.4.3. From
now on, low Z value, i.e., high deformation temperature and low strain rate, refers to Z <
1.9×1012 s-1 and vice versa.

3.4.3. Electron Backscatter Diffraction
Further study of the dependence of grain refinement, and the texture development
during DRX on Z parameter and their orientation dependence was conducted in TTC and
IPC samples at 20% and 50% strains through EBSD examination.
Figure 3.8 (a) and (b) shows the inverse pole figures of samples TTC 1-5 and 2-4
deformed at low and high Z values, respectively, at an interrupted strain of 20% when the
samples undergo partial recrystallization. White lines represent the low angle grain
boundaries (LAGBs) with misorientation angles between 2° and 15°, and the higher angle
grain boundaries (HAGBs), i.e., larger than 15°, are marked in black. When deformed at
low Z values, e.g., Z=7.2×109 s-1, as shown in Figure 3.8 (a), the original grain
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boundaries (black) turned curvy. The LAGBs (white) adjacent assisted the formation of
small subgrains and/or fine DRX grains. Note that the purple color in the middle left and
upper areas of the inverse pole figure map in Figure 3.8 (a) indicates the localized
deformation induced most-possibly by the second phase particles in AZ31B Mg alloy
based on the SEM observation. The second phase particle was observed as dark dots in
Figure 3.5 and Figure 3.6, which has a relatively low density.
On the other hand, while deformed at high Z values, i.e., Z=4.5×1014 s-1, basal
poles in sample TTC 2-4 were tilted with angles of 56 ± 9° and 38 ± 4° from the parent
grains, Figure 3.8 (b), suggesting that the { 1 011}<10 1 2> contraction twins and the
{10 1 2}< 1 011> re-twinning inside of the contraction twin, so called double twin,
respectively, had occurred [60, 61, 88]. More specifically, for double twin, the
{10 12}< 1011> extension twin reorients the basal pole rotated 56° through the contract
twin by about 86° around the axis <1 2 10>, leading to the double twin boundaries with
four different variants including 38°<1 2 10>, 30°<1 2 10>, 66.5°<5 9 43>, and

69.9°<2 4 21> [59]. The process was schematically demonstrated in literatures [59, 60,
88]. Among these variants, the 38° tilt of basal poles from the matrix grains is most
commonly observed [54, 59, 60]. Furthermore, the LAGBs (white) preferably
accumulated inside of the twin lamella, e.g., in twins 1 and 2 (T1 and T2). Some twins
were replaced by a ‘bamboo’ structure [69] featuring elongated narrow subgrains as
shown in the circled area at the bottom left of Figure 3.8 (b). New DRX grains were
mostly developed at the junctions of twins or twin and grain boundary. The DRX grains
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are in general smaller compared to those deformed at low Z values such as in Figure 3.8
(a).
Figure 3.9 shows the pole figures of (0001) and (10 1 0) for samples deformed at a
strain of 50% in specimens TTC 7 and 2-5. When deformed at low Z, e.g., 3.6×109 s-1 in
TTC 7, based on Figure 3.9 (a), the main texture has basal pole vary within about 30°
from the through-thickness direction, which is very similar to the initial rolling texture.
However, at high Z, e.g., 4.5×1014 s-1 in TTC 2-5, as shown in Figure 3.9 (b), the basal
pole tilted away from the through-thickness direction with angles varying within 75°
towards one direction.
As shown in Figure 3.10 (a) and (b), when deformed at low Z, from samples TTC
1-5 to TTC 7 as the strain increases from 20% to 50%, no significant change in the
distribution of Schmid factor for basal slip was observed since the DRX process didn’t
affect the texture distribution as observed Figure 3.9 (a). On the contrary, from samples
TTC 2-4 to 2-5 deformed at high Z as the strain accumulates from 20% to 50%, the
contraction and double twins apparently reoriented the basal planes {0001} toward the
ideal maximum Schmid factor, 0.5, for basal slip, indicating better ductility and lower
yield strength in the IPC test of Mg alloy AZ31B, as manifested by the stress-strain
curves comparison of TTC and IPC test results in Figure 3.4.
Based on the EBSD examination on the enlarged area of the cross-section of
sample TTC 2-4, which was deformed at high Z to 20% strain, most of the subgrains that
formed inside of contraction and doubles twins or the intersection of twins have
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misorientation angles of near 38°, 56°, and 86° in comparison with the surrounding.
Similar microtexture development process was observed in sample IPC 1-5 after a
deformation to 20% strain at high Z. As shown in Figure 3.11 (b), apparently the initial
texture with <0001> basal pole normal to the compressive stress axis during IPC test after
20% strain has been converted by 90°, leading to a similar deformation process to the
TTC test, which explains the overlapping Z-drec relationships summarized from TTC and
IPC tests, i.e., the transition of DRX mechanisms was located at the same Z value.

3.4.4. X-ray Line Profile Analysis
Based on the optical microscopic observation as illustrated in Figure 3.3, DRX
process initiated at a strain prior to 15%. Since DRX process involves annihilation of
dislocations, TTC samples deformed to a 12.5% of strain were used in the deformation
mechanisms examination. In order to identify the difference in deformation mechanisms
activated at low and high Z values, the measured diffraction patterns of two
representative Z values, i.e., 7.2×109 s-1 and Z=4.5×1014 s-1, are illustrated by the open
circles in Figure 3.12 (a) and (b), respectively, and they were quantitatively fitted using
eCMPW procedure. The insets are the enlarged peak profiles (203), (210), (211), and
(114) within a 2θ range between 90 º and 100º. The significant change in peak intensities
of different crystal planes indicates the difference in texture evolution as better shown by
the EBSD results in Figure 3.4,Figure 3.5 andFigure 3.8.
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Table 3.2 summarized the eCMWP fitting results for the TTC samples deformed
at the low and high Z values. At low Z value, e.g., 7.2×109 s-1, the total dislocation
density is about 9×1012 m-2, and <a> dislocation is the main slip system with the
population fraction of 0.65. In contrast, when deformed at high Z, e.g., 4.5×1014 s-1, the
dislocation density is about 3.4×1013 m-2, which is much higher than that in low Z case. It
is in agreement with the relatively high density LAGBs (white) observed in Figure 3.8 (b)
and Figure 3.11 (b) especially within the twin lamella. The activated slip systems include
<a>, <c>, and <c+a> systems sharing nearly the similar frequencies. The twin density
obtained from low Z sample is about 0.03%, which is negligible. On the other hand, for
high Z sample, a much higher twin frequency, 0.14%, was obtained. Note that the thick
twins with spacing in the order of micron can’t be detected using x-ray analysis. As for
grain size analysis, the area-weighted subgain size in low and high Z samples were
estimated to be 300 nm and 125 nm, respectively. For high Z sample, the median is
smaller and grain size distribution is narrower, which are consistent with the previous
observations in optical microscopy and EBSD.

3.5. Summary
In this study, for the correlation among the deformation conditions, microstructure
evolution and deformation mechanisms in Mg alloy, hot compression tests at a wide
range of Z value were investigated. The compression tests were also performed along the
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through-thickness and rolling directions of the plate to study the orientation dependency
of the DRX process and the micro-texture development.
Based on the TTC tests of an AZ31B Mg alloy plate, a transition of DRX
processes from continuous DRX to ‘twin-assisted’ DRX was identified through Z vs.
stress plot as well as the microstructural observation represented by the Z-drec relationship
through optical microscopic observation. The significant influence of contraction twins
on the grain refinement is manifested by a two-fold increase in the slope of the Z-drec
relationship. The Z-drec relationships summarized from the TTC and IPC tests are quite
comparable. The application of the current grain size prediction may be feasible for other
hot processing conditions with more complex loading patterns as well.
Moreover, EBSD examination results showed that when deformed at low Z, no
significant change in the texture was observed after DRX for both TTC and IPC tests.
However, at high Z values, twinning contributed to the distinct variation in texture after
DRX in TTC tests, leading to the reorientation of basal planes for maximum Schmid
factor for basal slip. In terms of IPC test at high Z values, the extension twin at the early
deformation stage converted the initial texture in a way that the basal pole is parallel to
the compressive stress axis, so that the following deformation process is identical to the
TTC test.
Through X-ray line profile analysis method, it was found out that at low Z value,
<a> dislocation was the main slip system, and low dislocation density was characterized
in the microstructure during DRX. However, at high Z value, multiple slip systems were
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activated. A relatively high twin frequency was observed. The dislocation density was
much higher comparing to those deformed in low Z values. Moreover, the subgrain size
distribution for high Z samples is smaller than that for low Z.
In summary, for hot deformation of Mg alloys with relative large strains, the final
microstructure after dynamic recrystallization is not influenced by the loading pattern.
The dominant factor for reorientation of micro-texture and grain refinement is the ZenerHollomon parameter.
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Table 3.1. List of through-thickness and in-plane compression (TTC and IPC) specimens
for OM, EBSD and XLPA investigations.

Compression Conditions

Low
Z

ε&

3.6×109
5.4×109
2.9×1011

(s )
0.005
0.001
0.05

T
(K)
723
673
623

7.2×109

0.01

723

Z (s-1)

13

2.9×10
5.7×1013
9.1×1013

-1

0.5
1
0.1

623
623
573

High
Z
4.5×1014

0.5

573

ε (%)
50
50
20
2
6
12.5
15
20
20
50
2
6
15
20
50
2
6
12.5
20
50

OM Spec.
No.
TTC

IPC

EBSD Spec.
No.

XLPA Spec.
No.

TTC

TTC

IPC

7
4
3
1-1
1-2
1-3
1-4
1-5
5
6

1-5

1-1
1-2
1-3
1-4
1-5
2-1
2-2
2-3
2-4
2-5
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2

2-4
2-5

IPC

Table 3.2. Summary of eCMWP fitting results for TTC samples at two representative Z
values. ha, hc and hc+a are the populations of Burgers vector type representing <a>, <c>
and <c+a> type slip systems, respectively. ρ and β are the dislocation density and twin
frequency, respectively. m and σ are the median and variance of grain size distribution,
and x

area

Z
(s-1)
7.2×109
4.5×1014

is the area-weighted mean grain size.

ha

hc

hc+a

0.65
0.3

0.1
0.3

0.25
0.4

ρ
(1014m-2)
0.09
0.34
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β
(%)
0.03
0.14

m
(nm)
230
125

σ
0.32
0.04

<x>area
(nm)
300
125

400
TTC: 573 K

Engineering Stress (Mpa)

350

5/s
0.5/s

300

0.05/s
250

1/s

0.1/s

0.01/s

200

0.005/s

150

0.001/s

100
50
0

0

10

20

30

40

50

60

Engineering strain (%)

Figure 3.1. Examples of engineering stress-strain curves of through-thickness
compression (TTC) samples deformed at 573K and strain rates of 10-3~5 s-1.
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573 K
623 K
673 K
698 K
723 K

10

Strain Rate (/s)

1
0.1
0.01
1E-3
50

100

150

200 250 300350

σ (MPa)

Figure 3.2. The relationship between strain rate and steady state stress at 20% strain for
the as-received specimens under various test conditions. The dashed line marks the
transition between two different deformation mechanisms.
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Z (s )

1E14

1E12

573 K
623 K
673 K
698 K
723 K

Transition Zone

1E10

1E8

1

10

100

sinh(ασ)

Figure 3.3. The relationship between Zener-Hollomon parameter, Z, and sinh(ασ) of the
specimens with the initial grain size of 30 µm deformed at 573~723K and strain rates of
10-3~10 s-1. A transition zone is shown at around Z = 5.7×1011~7.8×1012 s-1.
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Engineering stress (MPa)

300

IPC

250

TTC
High Z: 573 K & 0.1 s-1

200
150
100

Low Z: 723 K & 0.01 s-1
IPC

50
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Figure 3.4. Selected TTC and in-plane compression (IPC) tests interrupted at a strain of
20%.
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(a)

(e)

(i)

25 μm

(b)

25 μm

(f)

(j)

25 μm

(c)

25 μm

(g)

25 μm

(k)

25 μm

(d)

25 μm

25 μm

(h)

25 μm

(l)

25 μm

25 μm

25 μm

Figure 3.5. Light optical micrographs of the compression test specimens. TTC 1-1, 1-2,
1-4 and 1-5 after hot deformation with Z = 7.2×109 s-1 from (a) to (d). TTC 2-1, 2-2, 2-4,
and 2-5 with Z = 4.5×1014 s-1 from (e) to (h). IPC 1-1, 1-2, 1-3, and 1-4 deformed at Z=
9.1×1013 s-1 from (i) to (l). The corresponding strains are 2%, 6%, 15%, and 20%, from
top to bottom.
57

Figure 3.6. Light optical micrographs of the specimens after hot deformation: (a-b) TTC
with low Z, (c-d) TTC with high Z, and (e-f) IPC with high Z. (a), (c), and (e) are regions
subjected to a partial recrystallization after the deformation to a strain of 20%, 20%, and
50%, respectively. (b), (d), and (f) are fully recrystallized regions after deformation to a
strain of 50%. TTC and IPC represent through-thickness and in-plane compressions,
respectively.
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TTC
IPC

drec (μm)

10
log(drec)=
1.71-0.07log(Z)

log(drec)=
2.62-0.15log(Z)
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Figure 3.7. The relationships between Z parameter and final recrystallized grain size, drec,
after compression tests in through-thickness and in-plane orientations (denoted as TTC
and IPC, respectively) in AZ31B Mg alloy.
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(a)

(b)

~56°~38°

>15°

~38°

T1

2~15°
~56°

T2
~38°
~56°
20μm

20μm

Figure 3.8. Inverse pole figure maps from EBSD of the samples TTC 1-5 deformed at (a)
Z=7.2×109 s-1 and TTC 2-4 at (b) Z=4.5×1014 s-1, T1 and T2 denote twins 1 and 2,
respectively.
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(a)

Max Intensity: 24

(b)

Max Intensity: 12

Figure 3.9. (0001) and (10 1 0) pole figures of AZ31B Mg after hot deformation at a strain
of 50% from heavily recrystalized regimes: (a) and (b) the samples TTC 7 and 2-5
deformed at (a) Z=3.6×109 s-1 and (b) 4.5×1014 s-1, respectively.
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0.20
(a) Low Z, ε = 20%

(b) Low Z, ε = 50%

(c) High Z, ε = 20%

(d) High Z, ε = 50%
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Figure 3.10. Distributions of Schmidt factor for basal slip in specimens (a) TTC 1-5, and
(b) TTC 7 deformed at low Z values with interrupted strains of 20% and 50%,
respectively; and specimens (c) TTC 2-4 and (d) TTC 2-5 at high Z value with strains of
20% and 50%, respectively.
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(a)

(b)
~56º
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~86º
~38º
~86º

~56º

5 μm

5 μm

Figure 3.11. Inverse pole figure maps from EBSD of the samples TTC 2-4 deformed at (a)
Z=4.5×1014 s-1, and (b) the sample IPC 1-5 deformed at Z=9.1×1013 s-1 within partially
recrystallized regimes at an interrupted strain of 20%.
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Figure 3.12. Measured diffraction profiles (dark open circles) and fitting patterns (red line)
using eCMWP procedure for TTC samples deformed at (a) Z= 7.2×109 s-1 and (b)
Z=4.5×1014 s-1, respectively.

64

Chapter 4
Influence of FSP Parameters on Texture and Tensile Properties
of a Mg Alloy

This chapter is written based on a paper published by Zhenzhen Yu et al.:
Z. Yu, H. Choo, Z. Feng, and S. C. Vogel, “Influence of Thermo-Mechanical
Parameters on Texture and Tensile Behavior of Friction-Stir-Processed Mg Alloy”,
Scripta Materialia, 63 (2010) 1112-1115.
As the first author, my primary contributions include (1) proposing the study and
identifying its importance, (2) design and conducting most of the experiments, (3) data
analysis and interpretation, and (4) writing the paper.

Abstract: The influence of strain rate and temperature during friction stir processing
(FSP) on texture and tensile behavior of Mg alloy was investigated. By varying key
processing parameters systematically, i.e., rotation and travel rates of the tool, a series of
FSP specimens were prepared with a wide range of thermo-mechanical input in terms of
Zener-Hollomon parameter (Z). Neutron diffraction results show a dramatic change in
texture as Z increases and the resulting tensile behavior in stir zone also illustrates the
influence of Z.
Keywords: Magnesium; Friction Stir Processing; Texture; Tensile Behavior
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4.1. Introduction
As summarized in a review paper [3], FSP parameters commonly used in Mg
alloys are in the range of 250-3600 rpm for rotation speed and 0.53-12.5 mm/s for
traverse speed. Final grain sizes in the SZ were generally less than 20 μm. Sato et al. used
FSP for AZ91D Mg alloy with two sets of parameters, 800 rpm with 12 mm/s and 1200
rpm with 1.5 mm/s, to produce stir zone with average grain sizes of 2.7 and 7.0 μm,
respectively [10]. Chang et al. used 1200 rpm and about 0.5 mm/s to refine grain size
from 75 μm down to 100-300 nm by equipping the FSP facility with a rapid heat sink [8].
Elevated-temperature deformation studies of Mg alloys [23-25] found that at
higher temperature and lower strain rate, dynamic recrystallization (DRX) process only
involves the activation of slip systems. At lower deformation temperature and higher
strain rate, the DRX process involves the operation of twinning, and twin intersections
serve as nucleation sites for new grains. Twinning in Mg can result in a drastic change in
texture, e.g., extension twinning {10 1 2}<10 1 1> reorients the basal pole around 86.3°.
Therefore, knowledge of the deformation history is a key factor for understanding the
DRX process and texture development in Mg alloys, which, in turn, dominates the
mechanical behavior of the DRXed Mg, and Zener-Hollomon parameter, Z, has been
widely used to combine the two deformation parameters [11, 23-26]. Previously, there
have been a number of studies on the influence of FSP on microstructure and mechanical
properties: for example, texture and tensile behavior in different positions in the
workpiece, namely, SZ, thermo-mechanically affected zone (TMAZ), and heat-affected
66

zone (HAZ) [10, 18-21]; and the dependence of final grain size in SZ on FSP parameters
[4, 11, 22]. However, the challenge still remains in the fundamental understanding of the
governing mechanisms for deformation and recrystallization processes during FSP, their
influence on texture formation, and the resulting mechanical properties of FSP Mg alloys.
In this study, the influence of FSP parameters on texture development and the
corresponding mechanical properties of AZ31B Mg alloy are presented using the thermomechanical input factor Z as well as the ‘pitch’ value defined as tool travel speed (v)
divided by rotational speed (ω). First, a series of FSP experiments were designed to cover
a wide range of deformation conditions by varying the rotation and travel rates of the tool.
Second, volume-averaged texture was measured from the SZ using neutron diffraction.
Third, tensile tests were performed for the specimens machined from SZ along the
longitudinal direction (which is parallel to the travel direction of the tool and rolling
direction of the plate). Finally, the relationship among FSP parameters, texture, and the
tensile behavior are discussed.

4.2. Experimental Procedure
A commercial hot-rolled AZ31B plate was used in this study. The nominal
composition in mass percentage is Mg-2.5~3.5%Al-0.7~1.3%Zn. Dimensions of the plate
were 180 mm in width (transverse direction, TD), 320 mm in length (longitudinal
direction, LD), and 6.5 mm in thickness (normal direction, ND). Initial grain size in the
as-received plate is about 30 μm. The FSP tool made of H-13 tool steel has a shoulder
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with a diameter of 19.05 mm, and a threaded pin with a height of 5.72 mm and a diameter
of 6.35 mm, respectively. FSP experiments were performed under constant plunge depth
control.
Two key thermo-mechanical parameters in FSP, strain rate, ε& (/s), and peak
temperature, T (K), are incorporated into the Zener-Hollomon parameter, Z (/s), as
defined in Eq. (3-6) [11, 22, 69, 75]. In this study, Q of 135 kJ/mol (for self-diffusion of
Mg) was used as in similar studies [22, 76]. Q value was reported to be about 140 kJ/mol
from creep test of Mg-0.8% Al alloy at 600-750 K [75], and hot torsion test of AZ31 Mg
alloy at 453-723 K and 0.01-1.0 s-1 [69]. Note that a small change in Q value will cause
an overall shift of Z values. However, Z parameter in this study is an averaged
‘estimation’ of the complex deformation history during various FSP cases. The main
purpose of this study is not to acquire precise Z values for each FSP case, but to illustrate
the systematic change in texture with the changes in the thermo-mechanical input. The Z
parameter, therefore, is used as a representation of the changes in the processing inputs,
namely tool rotation and travel rates. Barnett et al. [74] reported that the critical value of
Z for twinning to occur in AZ31 Mg alloy was between 1010 and 1014 s-1 depending on
the initial grain size. Note the same Q value was used in Barnett’s work. When deformed
at ‘lower Z’ values than such critical value, dislocation slip should be the dominant
deformation mechanism; while deformed at ‘higher Z’, twinning plays an important role
during DRX, which would strongly influence the texture development. For the estimation
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of Z parameter during FSP, the average maximum temperature was estimated first using
an thermal model for friction stir welding (FSW) of Al alloys by Arbegast [77]:
⎛
T
ω2
= K ⎜⎜
4
Tm
⎝ 2.362v × 10

⎞
⎟⎟
⎠

α

(4-1)

where Tm (°C) is the melting temperature, which is determined to be 606°C by
differential scanning calorimetry (DSC) measurement for the current Mg alloy AZ31B. ω
(rpm) and v (mm/s) are the tool rotation and travel speeds used during FSP, respectively.
K and α are constants, which were estimated to be 0.494 and 0.083, respectively, by

fitting AZ31 Mg alloy properties reported in literature [22] following the procedure
described by Arbegast [77]. Note that due to the limited available data, v was a constant
for fitting Eq. (4-1). K and α values reported for FSW Al alloy range between 0.65-0.75
and 0.04-0.06, respectively [77]. The average strain rate (/s) in the SZ during FSP was
also estimated using the equation [22]:

ε& =

π ⋅ω ⋅ r
L

≈ 3.05 × 10 −2 ω

(4-2)

where r and L are the average radius and depth of the SZ observed in FSP plate. In the
current study, r and L were estimated to be 3.5 and 6 mm, respectively. With equations
(4-1) and (4-2), the Z parameter as a function of ω and v is calculated and results are
shown in Figure 4.1. The guideline on the contour plot shows the path chosen in this
study for the selection of Z values. FSP experiments with seven sets of processing
parameters were conducted and the conditions are summarized in Table 4.1 along with
the corresponding Z value estimations. Note that Cases 4 and 5 represent the typical FSW
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conditions for Mg alloys [11, 19, 78]. In addition to the Z values, ‘pitch’ distance was
also used to represent the combination effect of FSP parameters. It is worth mentioning
that the ‘pitch’ concept was developed mainly for thermal input. For instance, Lombard et
al. [79] reported that under the same pitch value, rotation speed governs the tensile
strength and fatigue life in Al alloy.
Small coupons, with a size of 5 (width) ×5 (length) ×6.4 (thickness) mm3, were
machined from the SZ of each FSP Mg plate using electrical discharge machining (EDM)
for volume-averaged texture analysis. Neutron diffraction texture measurements were
performed using the HIPPO diffractometer at the Los Alamos Neutron Science Center
(LANSCE) [80, 81]. The neutron results presented in this work represent the ‘volumeaveraged’ texture obtained from SZ because of the deep penetration capability (on the
order of cm) of neutron into most alloys. While it does not provide detailed information
on the variation of texture within the SZ as reported in [19, 20, 53], the current volumeaveraged SZ texture is obtained for a correlation to the macroscopic tensile behavior of
the SZ. More details about neutron diffraction measurements can be found in references
[18, 19, 21]. Finally, subsize flat tensile specimens (per ASTM E 8M-04) were machined
from SZ with the gage length of 25mm along LD and 4×1.65 mm2 cross section. The
width of the specimen, 1.65 mm, lies along TD. One tensile test was conducted for each
FSP case at an initial strain rate of 5×10-4 s-1 at room temperature using Material Test
System (MTS). The tensile behavior of SZ is then correlated to the neutron-diffraction
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texture data [19, 82]. All FSP texture and tensile samples machined from SZ show no
FSW defects such as worm holes, cracks, etc.

4.2. Results and Discussion
In Figure 4.2, BM (base material) shows a typical hot-rolled Mg plate texture with
<0001> parallel to ND. After FSP, systematic changes in the recrystallization texture are
observed as a function of process conditions. It has been reported that, in the case of
simple shear deformation, Wang et al. [83] observed a ring-fiber texture in extruded
AZ31 Mg alloy bar, where the normal of {10 1 0} plane was parallel to the extrusion
direction, i.e., basal plane aligned with the shear plane. According to Li’s study [84] in
numerical simulation of texture development for the case of equal channel angular
extrusion (ECAE), <a> dislocations align slip plane parallel to the macroscopic shear
plane. Similarly, after FSP in a Mg plate, the shear deformation caused by the stirring
movement of the pin column caused {0002} basal planes to align with the pin column
surface [19, 22, 53], i.e., the shear plane., leading to an ‘onion ring’ structure, and basal
slip was presumed to be the dominating slip system [53]. In upper SZ under the influence
of tool shoulder, {0002} basal planes were observed aligning with the tool shoulder
surface [20]. The observations above are in good agreement with the texture
measurement in FSP Case 1 (lowest Z and highest T), which shows that <0001> is mostly
parallel to LD and with some <0001> pole density parallel to ND (so that {0002} plane is
parallel to the pin surface and to the shoulder surface, respectively). Interestingly, from
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Case 1 to 4 (decrease in temperature with constant strain rate) at low Z input, the intensity
of <0001>//near-ND component tends to gradually intensify, while <0001>//near-LD
component weakens. When Z increased to a certain level, i.e., starting from Case 5, only
a strong off-ND component was present. One of the possible reasons for the gradual
change is that as Z increases, there is a tendency for twinning to occur, as reported in [2325]. Extension twinning, {10 1 2}<10 1 1>, may occur due to relatively lower temperature
and strain rate condition away and behind the pin as the FSP tool travels through. Such
twinning would reorient the <0001>//near-LD texture about 90° back towards ND again.
Similarly, Suhuddin et al. [20] conducted ‘stop-action’ FSP experiment and observed that
a near 90° reorientation of the initial texture ahead of the tool pin in the area close to SZ,
and considered twinning as the most possible contributor.
As Z further increases, in Cases 5-7, only one texture component (about 40° off
ND towards LD) was observed since twinning mode might be more easily activated in SZ
during the deformation, which is in agreement with the numerical simulation of 90°
ECAE by Li [84], where extension twinning generates a fiber texture featuring the
alignment of <c>-axis approximately 140° from the shear axis in the shear plane.
According to high-temperature compression test results of the same material, twinning
activities were observed prior to recrystallization at temperatures as high as 623K even
with much slower strain rates in Chapter 3. A similar texture component was observed in
SZ of FSP Mg with a high Z input (2000 rpm and 10 mm/s) in reference [20]. In
summary, when material flows with the threaded pin and shoulder around their surfaces
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during FSP, typical shear texture develops in a way that the <0001> points to normal to
those tool surfaces. As Z value increases, the <0001>//LD component tends to reorient to
near-ND behind the tool.
Figure 4.3 (a) shows three representative LD tensile stress-strain curves from BM,
Case 2 (low Z), and Case 5 (high Z). Note that samples from FSP cases with similar
texture exhibit consistent tensile behavior (not all are shown here). The BM shows a
typical in-plane tensile behavior exhibiting slip characteristics with high yield strength
and low ductility, since most grains initially oriented with a low Schmid factor for the
basal slip or extension twin. On the other hand, Cases 1-4 exhibit an evidence of twinning
behavior, manifested by a plateau (low hardening region) especially below 5% strain,
owing to the <0001>//LD texture component favoring extension twinning. The unique
change in the hardening rate of stress-strain curve mostly below 7-8 % strain may be a
result of extension twinning in Mg during the tensile deformation [55, 83]. For Cases 5-7,
with most of the grains favorably oriented for basal slip with near 0.5 Schmid factor, the
stress-strain curve shows low yield strength and improved ductility. Figure 4.3 (b)
summarizes the evolution of yield strength and elongation as a function of Z parameter as
well as the FSP ‘pitch’ value. It shows high strength/low ductility for the SZ subjected to
low Z values during FSP and vice versa.
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4.3. Conclusion
AZ31B Mg alloy plates were friction stir processed (FSPed) using a wide range of
thermo-mechanical inputs in terms of Zener-Hollomon parameter (Z) by varying the
rotation and travel rates of the tool. Systematic changes in recrystallization texture were
observed from neutron diffraction measurements, which led to the variation in tensile
behavior along the longitudinal direction.
At lower Z input, i.e., higher deformation temperature and lower strain rates, a
two-component texture was generated in the stir zone (SZ) after FSP, with <0001> basal
poles nearly parallel to longitudinal and normal directions (LD and ND), respectively.
On the other hand, at higher Z input, a one-component texture, i.e., <0001> basal pole
40° off ND towards LD, was generated, which is most likely caused by the involvement
of twinning during dynamic recrystallization process. The reoriented texture favours
basal slip at tensile test along LD and thus better ductility was achieved in FSP cases with
higher Z values.
In summary, comparing to the base material, FSP produces a stir zone with lower
yield strength, but much improved ductility, especially with high Z values. A clear
experimental correlation was observed among thermo-mechanical input parameters,
texture formation, and tensile behavior for a FSP Mg alloy.
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Table 4.1. Summary of FSP parameters and estimated values of Zener-Hollomon
parameter (Z). The rotation speed (ω) and travel speed (v) are processing-control
parameters. Strain rate, peak temperature, and Z values are calculated using equations (42), (4-1), and (3-6), respectively.

Case No.
1
2
3
4
5
6
7

ω (rpm)
1200
1200
1200
1200
600
400
300

v (mm/s)
0.03
0.25
0.64
1.1
1.1
1.1
1.1

Strain rate (/s)
37
37
37
37
18
12
9

75

Peak Temp. (K)
836
745
710
691
645
621
605

Z (/s)
1.0×1010
1.1×1011
3.2×1011
6.0×1011
1.6×1012
2.8×1012
4.2×1012

v =1.1mm/s

log Z
(/s)

ω =1200 rpm

v
ω

Figure 4.1. The relationship among Zener-Hollomon parameter (Z), tool rotation speed
(ω), and travel rate (v) estimated using equations (3-6), (4-1), and (4-2). The guideline
shows the path for designing FSP parameters used in this study as summarized in Table
4.1.

76

LD

12.0

BM

5.0

LD

Case 1
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5.0
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0
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Case 5

4.4

LD
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TD

0

Maximum Intensity - 4.8
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Maximum Intensity - 5.0
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Case 6
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0
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Maximum Intensity - 4.3
LD

Case 7

LD
TD

ND

TD

TD

0

Maximum Intensity – 16.8

0

Maximum Intensity – 16.6

TD

0

Maximum Intensity - 16.7

Figure 4.2. {0002} pole figures measured using neutron diffraction from the stir zones
(SZ) for various cases (shown for six cases here) as well as the as-received base material
(BM). (Note that the ND is at the center of the pole figure.) Evolution of texture with
increasing Zener-Hollomon parameter is clearly visible.
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Figure 4.3. Tensile behavior of stir zone along longitudinal direction at room temperature:
(a) Tensile stress-strain curves from base material (BM), Case 2 (a low Z case), and Case
5 (a high Z case); and (b) Summary of yield strength and elongation for various FSP
cases as a function of Zener-Hollomon parameter, Z; and FSP pitch, v/ω.
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Chapter 5
Transient Heat and Material Flow Modeling of Friction Stir Processing

5.1. Introduction
Dynamic recrystallization (DRX) is the governing mechanism of grain refinement
and texture development during FSP, which is dominated by various deformation modes
activated at different deformation conditions, i.e., the strain rate and temperature history
experienced by the material. Chang et al. [18] reported that during FSP with tool rotation
speed ranging from 180 to 1800 rpm and travel speed of 1.5 mm/s, strain rate range was
estimated to be around 1 to 100 s-1 and the peak temperatures in stir zone were measured
to be around 250 to 450 °C in Mg alloy AZ31 by embedded thermocouples. Using in-situ
neutron diffraction, Woo et al. [27] reported a maximum temperature of 362 °C near the
top surface of the Al alloy 6061-T6 plate during FSW. Friggard et al. [28] used
thermocouples to measure the peak temperature to be around 550 °C during FSW of Al
6082-T6 alloy and estimated the strain rate of about 1 to 20 s-1. In addition to these
experiment-based studies, computational models have been developed for improved
understanding of heat and material flow during FSW and FSP of Al alloys [28-37] and
steels [89, 90]. There has been few published work on modeling of the material flow and
heat transfer during FSP of Mg alloys, although detailed thermo-mechanical history
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during FSP is essential for the understanding of active deformation mechanisms and
texture formation in Mg alloys.
The existing friction stir process models can be roughly divided into two
categories: (I) the fluid flow approach treating the material as non-Newtonian viscous
fluid, and (II) the solid mechanics approach describing the elastic and plastic material
behavior. One of the early fluid flow based models can be traced back to the steady-state
model developed by Ulysse

[33]

. A smooth pin without thread was used where the effect

of thread on material flow was considered by specifying a downward velocity on the pin
surface. Colegrove et al.

[91]

employed a similar approach and developed a three-

dimensional (3D) steady-state model taking into account the complex tool geometry.
Their thermal and fluid flow models were sequentially coupled. A 3D steady-state model
was developed by Crawford et al.

[35]

to study partial penetration FSW of an aluminum

alloy. They evaluated both viscoplastic and Couette flow models for the calculation of
viscosity, and concluded that the viscoplastic flow resulted in more accurate prediction of
welding torque and temperature. More recently, Arora et al.

[29]

employed a 3D steady-

state viscoplastic flow and heat transfer model to predict the temperature, material flow,
strains, and strain rates during FSW of Al alloy.
While the fluid flow based models can straightforwardly handle the material flow,
the solid mechanics based models have a major challenge for handling the severe plastic
deformation caused by the rotation and translation of tool pin. The solid mechanics based
model developed by Schmidt et al.

[36]

took advantage of arbitrary Lagrangian–Eulerian
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formulation to avoid unacceptable element distortion in the large deformation simulation.
The tool pin was cylindrical since including the thread led to excessive mesh distortions
and solution divergence. Guerdoux et al.

[37]

also used adaptive arbitrary Lagrangian–

Eulerian formulation to compute the material flow and the temperature evolution. The
shape of the pin tool is kept perfectly cylindrical and the thread was modeled by imposing
a virtual axial velocity along the tool. It is noted that the solid mechanics models allow
the prediction of weld defects and residual stresses, which are difficult to predict using
the fluid flow based models.
The tool geometry has a crucial effect on the resulting weld microstructure and
mechanical properties due to its influence on the heat generation and material flow. From
the above literature review, it is evident that applying solid mechanics based models to
directly simulate the threaded pin is difficult due to the severe and complex material
deformation. Although they can easily handle material flow, the fluid flow based models
are typically limited to the steady-state application. Strictly speaking, the material flow
never reaches steady state as the threaded pin geometry changes periodically with time.
As a result, steady-state fluid flow based models simulate the time-averaged temperature
and flow fields and cannot consider the transient effect of the threaded pin.
In the present work, a 3D model of FSP of Mg alloy was developed based on
transient, fully-coupled material flow and heat transfer simulation. The material was
assumed to be viscoplastic, and the material constants for constitutive law in the
definition of viscosity were obtained from compression tests of AZ31B Mg alloy under a
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wide range of strain rates and temperatures. A dynamic mesh method, combining both
Lagrangian and Eulerian formulations, was used to capture the material flow induced by
the movement of threaded pin. FSP experiment was conducted to record temperature
histories at various locations by using embedded thermocouples (TCs). The effect of
thread on thermal history simulation was examined by comparing the measured
temperature profiles with the predicted results from models with or without threads.
Furthermore, by embedding massless inert particles, the material flow driven by the
threaded tool pin was also investigated.

5.2. Friction Stir Processing
A wrought AZ31B Mg alloy plate was used in the FSP experiment. Dimensions
of the plate were 320 mm in length (longitudinal direction, LD, x axis), 180 mm in width
(transverse direction, TD, y axis), and 6.5 mm in thickness (normal direction, ND, z axis),
as shown in Figure 5.1 (a). The plate was clamped on the backing plate of MTS
Intelligent Stir (ISTIR) welding machine. The processing tool made of H-13 tool steel has
a shoulder with 19.05 mm diameter, and a threaded pin with 6.35 mm diameter and 5.72
mm height. The FSP process parameters were 600 revolution per minute (rpm) rotation
speed and 1.1 mm/s travel speed. The displacement-controlled mode was used to
maintain a fixed penetration of tool pin inside the plate. The average forging force was
about 12,373 N (2,782 lbf). The tool traveled a total distance of 249 mm in the plate.
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In order to record the temperature history during FSP, eight K-type TCs were
embedded by drilling small holes with 1.5 mm diameter and 3 mm depth on either top or
bottom surface of the plate. The positions of TCs 1 to 8 on (x,y) coordinates are (-1,0), (11,-2), (-21,-4), (-31,-8), (-41,-15), (-41,+15), (-31,+20), (-21,+30), in unit of mm,
respectively, as shown in Fig. 5.1. On x axis, the end of FSP was used as the reference
origin point, and TC1 was placed 1 mm behind the end point of FSP. On y axis, positive
sign denotes the advancing side (AS) and negative sign the retreating side (RS). Also, as
shown in Fig. 5.1 (b), TCs 1 to 4 were placed within the tool shoulder’s path and were
embedded from the bottom surface. TCs 5 to 8 were embedded from the top surface.
After FSP, a sample was cut out along TD by electrical discharge machining
(EDM) for macrostructure examination of ND-TD cross section. The as-cut sample was
firstly chemically-polished with 10% nitric acid in water. Then it was grinded with SiC
paper, polished using diamond paste, and finally etched with acetic picral solution (30 ml
water, 100 ml ethanol, 5 ml acetic acid, and 3 g picric acid powder).

5.3. Three-dimensional Transient Model
5.3.1. Governing Equations for Transient Heat and Material Flow
Following the approach used by the fluid flow based models

[29, 33, 35, 91]

, the

material is assumed to behave as a non-Newtonian, viscoplastic, laminar, and
incompressible fluid. Hence, the governing equations for the material flow are the
following mass and momentum (Navier-Stokes) conservation equations [92]:
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r
∇ ⋅v = 0

(5-1)

r
r
⎛ ∂v r r ⎞
ρ ⎜ + v ⋅ ∇v ⎟ = −∇p + ∇ ⋅ (μ∇v ) + Sv
⎝ ∂t
⎠

(5-2)

v
where v is the material flow velocity, ρ is the density, t is the time, p is the pressure, Sv is
the source term for the momentum conservation, and µ is the viscosity of the Mg alloy
which is highly dependent on the temperature and strain rate.
The convective and conductive heat transfer is described using the following
energy conservation equation:

⎛ ∂ (C pT )
⎞
r
+ ∇ ⋅ (v C pT )⎟⎟ = ∇ ⋅ (kT ) + S h
⎝ ∂t
⎠

ρ ⎜⎜

(5-3)

where T is the temperature, Cp is the specific heat, k is the thermal conductivity, and Sh is
the source term for the energy conservation. Details of source terms Sv and Sh are
available elsewhere in the literature

[38, 93]

. As discussed later, the predicted peak

temperature is below the melting temperature of Mg alloy. Hence, the latent heat of
melting is not included in Eqn. (5-3), though it can be added straightforwardly when
needed.
It is noted that the leftmost terms in Eqns. (5-2) and (5-3) represent the change of
material flow velocity and temperature with time, respectively. The use of transient
model not only captures the complex motion of threaded pin but also allows the
simulation of heat and material flow during weld start and stop for improved accuracy in
thermo-mechanical history, which is the determining factor for the final microstructure
and texture.
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The governing equations for 3D transient heat transfer and material flow are
discretized using the finite volume method and solved using the computational fluid
dynamics solver, ANSYS/FLUENT [94].

5.3.2. Constitutive Properties of Mg Alloy
For the non-Newtonian viscous fluid, the material viscosity is defined as [33, 35, 44]:

μ=

σ
3ε&

(5-4)

where ε& is the effective strain rate defined as ε& =
and strain rate, respectively. Constitutive law

2
ε& ⋅ ε& . σ and ε& are the flow stress
3

[11, 25, 95]

is employed to describe the ε& − σ

relationship, as expressed in Eqn. (3-6). The four materials constants, Q, A, α and n, are
determined from a series of compression tests for the AZ31B Mg alloy. Temperature and
strain-rate range for the uniaxial compression tests are 300 to 450 °C and 10-3 to 10 s-1,
respectively. More details of the compression test experiments can be found in Chapter 3.
By analyzing the ε& − σ curves at different temperatures and strain rates, the average
value for Q is calculated to be 164 kJ/mol, n is 6.3, α is 0.0147 MPa-1 and A is 2.3×106
s-1. It is noted that the activation energy reported in the literature

[69, 96-99]

varies between

121 and 235 kJ/mol depending on the Mg alloy composition as well as testing conditions
such as temperature and strain rate. The present Q value indicates that under the testing
conditions studied here

[87]

, the active slip systems in the Mg AZ31B alloy are changing
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from basal slip and dislocation climb to non-basal slip as strain accumulates according to
Galiyev et al. [23] and Guo et al. [66].

5.3.3. Heat Input
In the present model, a heat flux is applied to the outer surfaces of pin and
shoulder that are in direct contact with the material. Schmidt and Hattel

[32]

proposed the

following radius-dependent surface heat flux, F(r):

F (r ) = ωtool (δτ yield + (1 − δ ) μP ) r

(5-5)

where r is the radius from the tool center axis, ωtool (rad/s) is the tool angular velocity,

τyield is the yield strength of the material, μ is the friction coefficient, P is the applied
compressive pressure, and δ is the contact state variable. Determination of F(r) using Eqn.
(5-5) is complex requiring the knowledge of local contact condition and friction
coefficient which are not readily available. For simplicity, it is assumed that:

F (r ) = F0 r

(5-6)

where F0 is a constant term that can be determined using:

∫ F (r ) dA = F ∫ r dA = Q
0

Atotal

in

(5-7)

Atotal

where Atotal is the total surface area of the pin and shoulder, and Qin is the total net heat
input into the material. For cylindrical pin, the integral term can be calculated as:

∫ r dA =

Atotal

2π 3
2
( R shoulder + 3R pin H pin )
3

(5-8)

where Rshoulder and Rpin are the radii of the shoulder and pin, respectively, and Hpin is the
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height of the pin. For the threaded pin, the integral term is evaluated numerically on the
surface mesh. Qin is determined by trial-and-error best-fit of the experimentally measured
peak temperature at TC4.

5.3.4. Simulation geometry and boundary conditions
A picture of the tool pin used in the FSP experiment is shown in Figure 5.2 (a). In
order to reveal the influence of thread on the thermal profiles and material flow patterns,
both a simplified smooth pin surface and a threaded pin are used as illustrated in Figs. 5.2
(b) and (c), respectively. The smooth pin has a diameter of 6.35 mm, whereas the
threaded pin has a minor thread diameter of 4.8 mm and a major diameter of 6.35 mm.
Both pins have the same height of 5.72 mm. The model with the smooth pin consists of
about 16,000 hexagonal elements in total. The model with threaded pin has more
elements due to the complex geometry and it is meshed with a total of 42,000 elements
with 25,000 tetrahedral elements in the inner zone that includes the fine features of the
threaded pin geometry. Due to the larger number of elements in the threaded-pin model,
the physical computation time required for running the simulation was doubled
comparing to that for the smooth-pin model.
Figure 5.3 (a) shows the meshed geometry used in the FSP model with threaded
pin. The dimensions were based on the experimental plate dimensions, except for the
length of the plate along LD. The plate length was reduced to 260 mm, as the model
simulated a shorter traveling distance of 141 mm (vs. actual traveling distance of 249
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mm), in order to reduce the physical computation time required for the simulation. As
discussed later, the temperature and material flow fields were found to be fully developed
within the 141 mm of traveling.
Dynamic mesh was used to capture both the rotational and translational motions
of the tool pin. Hence, the mesh changed continuously with time as the tool rotated and
traveled. As shown in Fig. 5.3 (b), the dynamic mesh consisted of two zones: the inner
and outer zones. The inner zone contained the contour of the processing tool (meshed
with tetrahedral elements) and a ring outside of the tool shoulder (meshed with hexagonal
elements). Fine elements were used in this zone to capture the steep spatial gradients of
temperature and velocity. These elements followed the motion of the tool. In the outer
zone, the elements deformed gradually complying with the movement of the inner zone
elements. Sliding mesh interface was defined between the two types of mesh zones. The
use of such dynamic mesh combines the benefits of both Lagrangian and Eulerian
formulations. In other words, the tool motion is accurately captured with the Lagrangian
movement of the elements, while at the same time the Eulerian formulation permits the
material to flow through the mesh, maintaining good mesh quality.
The transient model was used to simulate both (i) the tool traveling step and (ii)
the subsequent cooling step after the traveling stopped and the tool pin was retrieved
from the material. First, the boundary conditions used for the traveling step are as follows.
The heat flux, defined in Eqn. (5-6), was applied to the tool pin and shoulder surfaces.
For the top and side surfaces of the plate, thermal boundary condition was set to be
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convective heat transfer between the air and the plate, with a heat transfer coefficient of
30 W/m2·°C

[100]

. For the bottom surface of the plate, the convective heat transfer

coefficient between the plate and the steel backing plate was set to be 150 W/m2·°C. This
heat transfer coefficient value to the backing plate was estimated by best-fitting the
experimental cooling rate recorded by TC4, and is found to be similar to that reported in
the literature for modeling of FSP in Al alloy 6061-T6 [101]. The material flow velocity
was set to be the same as the local tool velocity on the pin and shoulder surfaces, and was
set to be zero initially elsewhere. The plate was initially set at room temperature of 27 °C.
Second, at the beginning of the subsequent cooling step after the processing, the
boundary conditions were modified as the following. On the pin and shoulder surface, the
material velocity was reset to zero and the heat flux was removed and replaced with
convective heat transfer coefficient of 30 w/m2·°C between the air and the pin hole.
Material properties of Mg alloy AZ31B used in this work are summarized in Table 5.1
[100, 102]

.

5.4. Results and Discussion
5.4.1. Thermal History
5.4.1.1. TC-measured Temperature Profiles
Figure 5.4 shows the measured temperature profiles during FSP using TCs 1
through 8 embedded in the plate. Time zero corresponds to the start of the processing.
TCs 1 and 2 were located within the tool pin’s path, and TC3 was less than 1 mm away
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from the pin surface. When pin moved close to them, TCs 1 to 3 were stirred away from
their original locations. Therefore the cooling curves after the peak temperature are no
longer expected to represent those at the original positions 1 to 3 shown in Fig. 5.1. For
the other TCs, they stayed at the same position throughout FSP and therefore both the
heating and cooling curves represent the actual temperature history at those positions.
As shown in Fig. 5.4, the closer a monitoring location is to the weld center, the
higher the peak temperature and the heating rate at that location. The peak temperature
recorded by TC1 was about 543 °C, which is almost 90% of the melting temperature 606
°C measured by differential scanning calorimetry (DSC) of this Mg alloy. The actual
peak temperature is likely to be higher than the peak value recorded by TC1 as it was
stirred away from the weld center line. For the cooling portion of the temperature history,
the cooling rate (down to about 200 °C) increased as the distance to the weld center line
decreased. At around 226 s, processing stopped and the tool pin was retrieved from the
plate. Therefore, the heat input from the tool was zero and the plate temperature was on a
free fall. The cooling rates below 200 °C for all monitoring locations were similar. Worth
noting are the temperature profiles recorded by TCs 5 and 6, located on the RS and AS,
respectively, but at the same distance of 15 mm to the weld center line and of the same x
distance along LD. The temperature profiles at those two locations are almost identical,
but the AS (TC6) was heated up slightly faster than RS (TC5) in general and the peak
temperature at TC6 is about 17 °C higher. In other words, temperature distribution on
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advancing side (AS) is slightly higher than retreating side (RS). This observation is
consistent with other studies in Al alloys [3, 103].

5.4.1.2. Simulated temperature profiles
In the transient model, eight points were monitored at the same locations as the
embedded thermocouples relative to the stop location of FSP. As discussed earlier, the
total net heat input, Qin, was adjusted to obtain a good agreement between simulated and
experimentally-recorded peak temperature at TC4 only. TC4 was chosen since it
provided the most reliable temperature near the processed region. The best-fit Qin was
863 W for the FSP of Mg alloy AZ31B studied here with a rotation speed of 600 rpm and
a travel speed of 1.1 mm/s. This net heat input is similar to those used in published
models for FSP of aluminum alloys [32, 39] under similar processing conditions. This is
possibly due to the fact that the thermo-physical properties of the two alloys are quite
similar.
The comparison between the simulated and measured temperature profiles at
positions 2, 4, 5, and 7 are illustrated in figures 5.5. (a) to (d), respectively. The simulated
temperature profiles shown in Fig. 5.5 include both the travel step (with the total travel
time of 128 s) and the subsequent cooling step (starting at the “end point” marked with a
large grey circle). Small bumps on the simulated profiles are caused by a numerical error
due to the continuously changing mesh and interpolations made for the results from the
old mesh to new one. In Fig. 5.5 (a), only the heating portion of recorded temperature
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history was compared since TC2 did not record the correct cooling curve as it was stirred
away by the traveling tool. Since only the peak temperature at TC4 was used to calibrate
the heat input used in the model, the good agreements between the measured and
calculated temperature profiles for both traveling and cooling steps at other locations
indicate the validity of the current transient model. Compared to the conventional steadystate models, the transient model is expected to provide more accurate description of the
temperature evolution especially for cases where the tool traveling distance is short
and/or the edge effect is important. Furthermore, as discussed in the next section, the
transient model is capable of tracking the material flow path, and the corresponding peak
temperature and strain rate, which are important thermo-mechanical input for
understanding deformation and recrystallization mechanisms during FSP.
As shown in Fig. 5.5, the temperature profiles predicted by models with smooth
and threaded pins are nearly identical. This can be explained as the following. The
material flow field is largely confined to the small zone adjacent to the tool, as discussed
later. The presence of thread drives the convective heat transfer in this adjacent zone only,
and heat conduction is the dominant heat transfer mechanism elsewhere in the plate.
Hence, if only the temperature profiles at locations away from the tool pin are of interest,
it may not be necessary to consider the thread feature and a simplified smooth-pin model
can be used in favor of reduced meshing effort and computation time.
Figures 5.6 (a) and (b) show the temperature distributions on the plate top surface
after a travel time of 90 s from the two models without and with thread, respectively. The
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discontinuity of temperature contours ahead of the tool was caused by the visualization in
the mismatched elements through the interface between coarse and fine mesh zones. As
shown in Fig. 5.6 (b), the thread has marginal effect on the predicted temperature
distribution at locations away from the tool. The existence of high temperature in the
vicinity of the processing tool is caused by the heat generation between the tool and
material. The maximum calculated temperature in the plate is 562 °C, which is 19 °C
higher than the peak temperature measured by TC1 but still 42 °C below the melting
temperature. Due to the slow travel speed of 1.1 mm/s, the higher temperature contours
(T > 432 °C) are almost circular. On the other hand, the lower temperature contours (T <
199 °C) exhibit an elliptical shape with an elongated tail behind the tool. At this time
instance (i.e., travel time = 90 s), the heat already reaches the plate side surfaces in TD
direction and almost reaches the plate front surface.
Using the transient model, it was investigated how quickly the steady-state
temperature distribution could be reached during FSP. This steady state of temperature
corresponds to the fully-developed temperature field, which does not change with time
when viewed from the traveling tool pin. To illustrate this, a series of simulated thermal
histories at different locations along LD (x) but constant TD (y) location of +15 mm on
the plate top surface are plotted in figure 5.7. As shown in this figure, the closer a
location is to the FSP start location, the faster the heating rate but the lower the peak
temperature. From x = -121 to -81 mm, the peak temperature rises significantly,
indicating that the temperature distribution is not yet fully-developed. From x = -61 to 93

41 mm, the peak temperature still rises with distance but the increase is much less
significant. It is reasonable to conclude that the steady-state temperature distribution is
reached. At locations x = -21 and -11 mm, the peak temperature rises again due to the
edge effect as the pin tool is moving close to the front surface of the plate. The above
observation indicates that for the travel speed of 1.1 mm/s, the steady-state temperature
distribution is reached after traveling for about 73 s (i.e., x = -61 mm).
The time to reach steady-state can be used to explain the discrepancy between
measured and simulated temperature profiles observed in Fig. 5.5. Before time = 73 s
when the temperature field is still developing, the distance between a monitoring location
and the FSP start location influences the temperature profile at that location. Afterwards,
the temperature field is fully-developed and the distance does no longer significantly
influence the temperature profile. In the simulation, TC5 is located close enough to the
start location such that the beginning of heating process is governed by the transient heat
transfer. In the actual experiment, TC5 is placed far away from the start location and it
experiences only steady-state heat transfer. Hence, there is a small discrepancy between
the simulated and measured temperature profiles at the beginning of heating process for
TC5. The discrepancy decreases as the monitoring location is further away from the start
location, e.g., TC1 is located sufficiently away from the start location in both model and
actual experiment such that the entire temperature profile is dominated by the steady-state
heat transfer only.

94

5.4.2. Simulated Material Flow
Two types of plots are used to illustrate the complex material flow during FSP.
The first type shows the distribution of velocity at a specific time and it is useful for
understanding the overall flow pattern. The second type displays the displaced locations
of initially-aligned massless particles, and it provides details of the transient material flow
paths.

5.4.2.1. Snapshot of Velocity Field
Figures 5.8 (a) and (b) illustrate the calculated material flow fields from models
with smooth and threaded pins, respectively, at a travel time of 90 s. Both models show
that the dominant feature of the velocity field is the circulating material flow around the
tool axis following the rotation of the tool pin. The maximum flow rate is found directly
underneath the shoulder’s outer edge which has the highest linear velocity. The flow rate
decays rapidly as the distance from the tool surface increases. This is because the
temperature decreases away from the tool surface and the material viscosity (hence its
ability to resist motion) increases. The maximum flow rate, 0.487 m/s, in the model with
threaded pin shown in Fig. 5.8 (b) is higher than that in smooth pin model, 0.375 m/s in
Fig. 5. 8 (a). This is largely attributed to the assistance of the thread as material flows
with the tool surface. On the other hand, the material below the pin bottom surface
undergoes higher flow rate in smooth pin than threaded pin. This is because the modeled
smooth pin has a larger bottom surface area and there is more heat input applied to the
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bottom surface. Hence, the temperature below the bottom surface is higher and the
viscosity is lower in smooth pin. In addition, the material in the smooth pin has zero
vertical (ND) movement, whereas that in the threaded pin shows upwards motion
especially near the pin bottom driven by the helical thread.
It is noted that the slipping may occur on the tool and workpiece interface [32], and
the extent of slipping typically increases with the linear rotation speed

[90]

. Hence, the

fully-sticking condition used at the interface in the present models is likely to overpredict the flow rate especially that observed at the outer edge of the shoulder with the
highest linear rotation speed.

5.4.2.2. Transient flow path
The material flow field shown in Fig. 5.8 is only a snapshot at the specified time
instance. In order to observe the detailed material flow path, six lines of massless inert
particles are embedded in the mesh parallel to the LD, as shown in figure 5.9. These
particles are inert so they follow the local material flow and temperature but do not
interfere with them. The six lines of particles can be divided into three groups of two
lines based on their distance to the central travel plane: y = -2.2 mm, 0 mm, and +2.2 mm.
For each group, one line (z = -1.4 mm) is located near the shoulder surface, whereas the
other line (z = -5.0 mm) is located deeply in the plate near the pin bottom surface.
Figure 5.10 displays the displaced particles’ positions for the two lines located on
the RS (y = -2.2 mm). For the line at z = -1.4 mm, it is sufficiently close to the shoulder,
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and the material flow caused by the shoulder rotation dominates the particles’ motion. As
the shoulder approaches a particle, the material flow drags the particles to spin along the
shoulder’s circumference. The particles eventually end up in the rear AS of the tool. The
LD-ND section in Fig. 5.10 (a) inset shows the particles are pushed down by 0.5 mm in
ND compared to their initial position. On the other hand, as shown in Fig. 5.10 (b), for
the particles at z = -5.0 mm, they are slightly extruded clockwise around the threaded pin
and deposited at center-line of the tool. These particles experience almost zero movement
along ND.
The flow traces of particles at the centerline (y = 0 mm) are illustrated in figure
5.11. The distribution of particles at y = 0 mm and Z = -1.4 mm is similar to that at y= 2.2 mm and z = -1.4 mm. This is due to the strong rotation of the shoulder dominating the
material flow at this depth. After the tool pin passes, these particles are displaced by 0.5
mm downward along ND. As shown in Fig. 5.11 (b), compared to those at y = -2.2 mm
and z = -5.0 mm, the particles at y = 0 mm and z = -5.0 mm experience much more
clockwise extrusion due to the closer proximity to the pin rotation. As shown in Fig. 5.11
(b) inset, these particles are finally deposited at the rear, AS of the tool.
Figure 5.12 (a) shows the flow traces of particles on the AS at y = +2.2 mm and z
= -1.4 mm. The particles’ positions are similar to those shown in Figs. 10 (a) and 11 (a).
The vertical displacement of 0.7 mm at this location is slightly larger than that at the
previous two locations.
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A drastically different material flow pattern is observed in Fig. 5.12 (b) for the
particles at y = +2.2 mm and z = -5.0 mm (i.e., AS bottom). As the tool pin approaches,
the particles are trapped into the clockwise swirling and upward flow field caused by the
helical thread. In this vortex flow, the particles spin rapidly while floating upwards.
Furthermore, the particles are trapped around the threaded pin and move along with it
along LD.
The flow simulation illustrates three distinct zones where the material experiences
different thermo-mechanical histories. The first zone corresponds to the material near the
plate top surface where the flow is dominantly under the influence of the tool shoulder.
As shown in Figs. 10 (a), 11 (a) and 12 (a), the material is stirred significantly along the
shoulder perimeter and is displaced vertically downwards. The second zone represents
the material near the plate bottom surface and on the retreating side. As shown in Figs. 10
(b) and 11 (b), the material in this zone is slightly extruded for about 180° around the
threaded pin. In the third zone, located near the plate bottom surface and on the
advancing side, the material enters into a swirling and upward flow field driven by the
helical thread pin and is dragged to advance along LD, as shown in Fig. 5.12 (b). This
material undergoes extreme deformation at high temperature.
As discussed earlier, the real material flow velocity may be slower than that
predicted using the current model due to the use of nonslip condition. The overly strong
flow field may trap those massless particles and force them to rotate and travel with the
pin to an extent higher than that in reality. Nevertheless, the predicted material flow
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pattern is consistent with that observed experimentally using a faying surface tracer and a
nib frozen in place during welding [89, 104]. The simulated results clearly demonstrate
that the material can experience very different thermo-mechanical history depending on
its original location in the plate.

5.4.3. Stir Zone Geometry
Figure 5.13 (a) is the macrograph taken from the TD-ND cross section in Mg
plate after FSP, where the arrows indicate the stir zone boundary. To investigate the
formation of this shape, the distributions of temperature and strain rate on the TD-ND
cross section from the two models are plotted in Figs. 13 (b)-(c), and (d)-(e), respectively,
where the measured stir zone boundary is superimposed as dashed line. As shown in Figs.
13 (b) and (c), the contour of 489 °C seems to match the stir zone boundary reasonably
well, indicating that the stir zone material experiences temperatures above 489 °C. The
predicted temperature contours exhibit slightly higher asymmetry between AS and RS
near the threaded pin than the smooth pin. In the threaded-pin model, the maximum
temperature on this cross section is 562 °C, located in the corner of tool shoulder and pin
on AS, which is about 5 °C higher than that in the RS corner. The asymmetry in the
predicted temperature profile diminishes as it moves away from the threaded-pin surface.
For instance, the predicted peak temperatures at TC6 (y = +15 mm) on AS and TC5 (y = 15 mm) on RS are 336 and 335 °C, respectively, as shown in as shown in Fig. 5.7 and Fig.
5.5 (c). Recall that the peak temperature measured at TC6 is 352 °C, which is 17 °C
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higher than that at TC5. This discrepancy (i.e., the lack of difference in predicted
temperatures between AS and RS) is likely caused by the following model limitation. The
heat flux applied in the model depends only on the radial distance, as shown in Eqn. (5-6).
In reality, the local contact conditions may be different between AS and RS, resulting in
different heat generation rate between the two.
As shown in Fig. 5.13 (d) and (e), the distribution of strain rate on the cross
section is more complex than that of temperature. The contour of 75.3 s-1 strain rate in the
threaded pin matches reasonably well the bottom portion of the stir zone boundary. On
the other hand, the predicted strain rate contours are wider than the upper portion of the
boundary, which is likely due to the aforementioned fully-sticking condition. The results
shown in Fig. 5.13 indicate that the material in the stir zone undergoes extreme
deformation at temperature above 489 °C and strain rate above 75 s-1.

5.4.4. Forging Force Simulation
Forging force is one of the most important parameters of FSP. It is a downward
force preventing the pin from exiting the material during processing. The recorded
average forging force during FSP is about 12,373 N, whereas the predicted average
forging forces are 2,534 and 63 N for the models with and without thread, respectively.
Although the model with threaded pin predicts the force closer to the measured value
than the one with smooth pin, there is still a significant discrepancy between the predicted
and measured forging forces. This discrepancy is possibly due to the fact that the present
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fluid flow based models do not consider the elastic deformation of the material under
compression. As shown in Fig. 5.13 (a), the stir zone top surface shows a small but
noticeable depression compared to the base plate, indicating that the shoulder plunges
slightly into the Mg plate during FSP. Considering the plate thickness of 6.5 mm, a small
plunge depth of 1.3×10-2 mm corresponds to 0.2 % of elastic strain. Given Mg has a
Young’s Modulus of 17 GPa at 315 °C [105], this 0.2% elastic strain equals to a pressing
force of about 10,000 N. This elastic force makes up the difference between the measured
and predicted forging forces (i.e., 9,839 N), suggesting that 80% of actual forging force
under the current FSP condition is from elastic deformation and 20% from the material
flow. Therefore, for conditions where FSP tool causes measurable surface depression, a
fluid flow based model is likely to under-predict the forging force.

5.5. Conclusion
In summary, the material flow and heat transfer during FSP of Mg alloy were
studied using a 3D transient model, where the dynamic mesh method was used to capture
the complex rotational and translational motion of the threaded pin. The following
conclusions can be drawn:
The transient model was able to capture the temperature evolution for both the
processing and final cooling steps. The simulated temperature history shows a good
agreement with that measured at various locations, verifying the validity of the model.
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Through the comparison between models with threaded and smooth pins, it was
found that the thread feature has small effect on the predicted thermal distribution at
locations away from the tool pin. On the other hand, the thread strongly influences the
distribution of temperature near the tool pin, material flow velocity, and strain rate.
The complex material flow pattern was revealed with the aid of massless inert
particles embedded in the model. Three distinct flow zones were observed. The first one
is a shoulder-influenced zone located near the plate top surface where the material was
significantly stirred clockwise around the tool shoulder and pressed downward slightly in
the normal direction. The second zone is located near the plate bottom surface and on the
retreating side where the material was extruded for about 180° around the pin. In the third
zone located near the plate bottom surface and on the advancing side, the material was
trapped into a swirling and upward flow field caused by the helical thread. Hence,
depending on the location, the material can experience very different thermo-mechanical
history during the processing.
The transient model considering the thread feature provides a basis for calculating
the detailed thermo-mechanical history which in turn, is important to understand the
deformation and recrystallization mechanisms during FSP. It is noted the assumption of
fully-sticking boundary condition is likely to result in over-prediction of the flow velocity
and strain rate. Further enhancement is planned in a future work to take into account the
local slipping on the tool pin and workpiece interface.
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Table 5.1. Material properties of Mg alloy AZ31B.
Density [102]
Convection coefficient
Thermal conductivity [102]
Specific heat [102]

1770 kg/m3
Between Mg plate and air [100]: 30 W/ m2·°C
Between Mg plate and backing plate: 150 W/m2·°C
T (°C) 20 50 100 150 200 250
(W/m·°C) 76.9 83.9 87.3 92.4 97.0 101.8
T (°C) 20 100 300
(J/kg·°C) 1040 1042 1148
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Figure 5.1. Schematics (not to scale) of (a) friction stir processing (FSP) in Mg plate with
eight embedded thermocouples (TCs); (b) TD-ND (y-z) cross section showing the
transverse distance of TCs from the center-line; and (c) LD-ND (x-z) cross section
showing the longitudinal distance of TCs from the FSP end point.
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Figure 5.2. Shape of the processing tool used in: (a) actual FSP experiment, (b)
simulation with smooth pin, and (c) simulation with threaded pin.
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(a)

(b)
Outer Zone

Inner Zone

Figure 5.3. Dynamic meshes used in the 3D transient FSP model with threaded pin: (a)
overview of the mesh, and (b) zoomed-in view of the inner zone containing the contour
of the tool.
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Figure 5.4. Temperature history during FSP measured by eight thermocouples shown in
Fig. 5.1. (Note the travel distance of the tool can be calculated by multiplying the time
with the travel speed of 1.1 mm/s along LD.)

107

600

(a)

500

(b)

TC2 at:
x = -11 mm;
y = -2 mm.

TC4 at:
x = - 31 mm;
y = - 8 mm.

o

T ( C)

400
Measure T
Simulated T
Smooth Pin
Threaded Pin

300

End of FSP

200
100
0

320

(c)

(d)

TC5 at:
x = -41 mm
y = -15 mm

240

TC7 at:
x = - 31 mm;
y = 20 mm.
End of FSP

o

T ( C)

End of FSP

160

80

0

0

40

80

120

160

200

240

0

40

80

Time (s)

120

160

200

240

Time (s)

Figure 5.5 Comparison of measured temperature profiles by (a) TC2, (b) TC4, (c) TC5,
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Figure 5.6. Temperature distributions on the plate top surface at a traveling time of 90 s
in models with (a) smooth pin, and (b) threaded pin.
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110

(a)
(a)

(b)
(b)

0.025

0.094

0.164

0.233

0.302

0.372

0.441 0.487 m/s
m/s

Figure 5.8. Velocity distributions around the tool from models with (a) smooth pin; and
(b) threaded pin during FSP in Mg alloy.
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Figure 5.9. Initial locations of the six rows of massless inert particles used to trace the
material flow.

112

Travel

Dir ecti

on
TD (y)

z
LD (x)

y
5mm x

ND (z)
LD (x)

Particle ID

(a) RS Top (y = -2.2 mm and z = -1.4 mm)
Travel

Dir ecti

on
TD (y)

z

LD (x)

y
5mm x

ND (z)
LD (x)

(b) RS Bottom (y = -2.2 mm and z = -5.0 mm)

Figure 5.10. Flow traces of the inert particles for the two lines on the RS at y = -2.2 mm:
(a) z = -1.4 mm and (b) z = -5 mm. Note that the smaller the particle ID number, the
closer its original position is to the tool pin.
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retreating side.
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Chapter 6
Summary and Future Work

This study combined constitutive behaviour study and three dimension modeling
with friction stir processing (FSP) experiments to investigate the correlation among the
processing parameters, texture development, and the ductility for FSP Mg alloy AZ31B.
The correlation can be used as a guideline for the optimized design of FSP parameters for
desired ductility and formability improvements in Mg alloys. Therefore, the application
of Mg alloys can be potentially broadened, for instance, to energy saving light-weight
structural components in automobile industry.
In more details, the contribution of this thesis work is summarized as below:
(1) The correlation among the deformation conditions, microstructure evolution
and deformation mechanisms in Mg alloy was revealed through hot compression tests at a
wide range of deformation conditions in terms of Zener-Hollomon parameter (Z). A
critical Z value was identified, above which twinning occurs, which is not affected by the
loading direction. During the dynamic recrystalliztion (DRX) process, the involvement
of twinning leads to a more effective grain refinement and reorients the grains towards
ideal orientation for basal slip during in-rolling-plane tensile deformation.
(2) The constitutive behavior study was successfully applied to the fundamental
understanding of microstructure evolution during FSP of Mg alloy. By varying key
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processing parameters systematically, i.e., rotation speed and travel rate of the processing
tool, a series of FSP were conducted with a wide range of thermo-mechanical input in
terms of Zener-Hollomon parameter (Z). A dramatic change in volume-averaged texture
in the stir zone (SZ) was observed as Z parameter was increased, which correlates well
with the expected changes in deformation and recrystallization mechanisms from the
compression studies. Furthermore, tensile test results show significant changes in the
strength and ductility in a way that is consistent with the observed changes in texture. For
example, FSP cases with higher Z values manifested better ductility, which is caused by
the texture-reorientation due to the twinning-assisted dynamic recrystallization.
(3) The three-dimensional transient model with a threaded pin tools was able to
simulate the complete thermal cycle and complex material flow driven by the pin during
FSP of AZ31B Mg wrought plate. The detailed material flow history induced by the
stirring motion of the processing tool was visualized by massless inert particles
embedded in the model. The simulated thermal history is in agreement with the
temperature profiles measured during the actual FSP experiments.
In future work, first of all, the 3D transient model would be further explored for
the application to an investigation of the microstructure evolution during FSP of Mg
alloys. Simulation of “Z evolution” during FSP of Mg alloy would be developed based on
the current thermo-mechanical model. It can be combined with the microstructure-based
constitutive equation summarized from the compression tests of the Mg alloy for a better
understanding of the transient microstructure and texture evolution processes during FSP.
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Moreover, in order to reveal the effect of micro-texture distribution on the tensile
behavior of FSP Mg plate, in-situ neutron diffraction measurement can be conducted to
identify the interaction of various deformation mechanisms, e.g., twinning and slip
systems, during the tensile test and their effects on the ductility modification of Mg.

119

References

[1] F.K. Abu-Farha, M.K. Khraisheh, J Mater Eng Perform, 16 (2007) 192-199.
[2] H. Watanabe, T. Mukai, M. Kohzu, S. Tanabe, K. Higashi, Acta Mater, 47 (1999)
3753-3758.
[3] R.S. Mishra, Z.Y. Ma, Mat Sci Eng R, 50 (2005) 1-78.
[4] P. Cavaliere, P.P. De Marco, Mat Sci Eng a-Struct, 462 (2007) 393-397.
[5] K. Kubota, M. Mabuchi, K. Higashi, J Mater Sci, 34 (1999) 2255-2262.
[6] V.N. Chuvil'deev, V.I. Kopylov, M.Y. Gryaznov, A.N. Sysoev, Dokl Phys, 48 (2003)
343-346.
[7] Y.J. Chen, Q.D. Wang, H.J. Roven, M.P. Liu, M. Karlsen, Y.D. Yu, J. Hjelen, Scripta
Mater, 58 (2008) 311-314.
[8] C.I. Chang, X.H. Du, J.C. Huang, Scripta Mater, 57 (2007) 209-212.
[9] P. Cavaliere, P.P. De Marco, Journal of Materials Science, 41 (2006) 3459-3464.
[10] Y.S. Sato, S.H.C. Park, A. Matsunaga, A. Honda, H. Kokawa, J Mater Sci, 40 (2005)
637-642.
[11] N.V.R. Kumar, J.J. Blandin, C. Desrayaud, F. Montheillet, M. Suery, Materials
Science and Engineering a-Structural Materials Properties Microstructure and Processing,
359 (2003) 150-157.
[12] V.N. Chuvil'deev, A.V. Schavleva, M.Y. Gryaznov, A.V. Nokhrin, Dokl Phys, 51
(2006) 500-504.
120

[13] Y.N. Wang, C.I. Chang, C.J. Lee, H.K. Lin, J.C. Huang, Scripta Mater, 55 (2006)
637-640.
[14] W.B. Hutchinson, M.R. Barnett, Scripta Mater, 63 (2010) 737-740.
[15] T. Mukai, M. Yamanoi, H. Watanabe, K. Higashi, Scripta Mater, 45 (2001) 89-94.
[16] S.R. Agnew, P. Mehrotra, T.M. Lillo, G.M. Stoica, P.K. Liaw, Acta Mater, 53 (2005)
3135-3146.
[17] W.J. Kim, C.W. An, Y.S. Kim, S.I. Hong, Scripta Mater, 47 (2002) 39-44.
[18] C.I. Chang, C.J. Lee, J.C. Huang, Scripta Mater, 51 (2004) 509-514.
[19] W. Woo, H. Choo, M.B. Prime, Z. Feng, B. Clausen, Acta Mater, 56 (2008) 17011711.
[20] W. Woo, H. Choo, D.W. Brown, S.C. Vogel, P.K. Liaw, Z. Feng, Acta Mater, 54
(2006) 3871-3882.
[21] U.F.H.R. Suhuddin, S. Mironov, Y.S. Sato, H. Kokawa, C.W. Lee, Acta Mater, 57
(2009) 5406-5418.
[22] W. Woo, H. Choo, D.W. Brown, P.K. Liaw, Z. Feng, Scripta Mater, 54 (2006) 18591864.
[23] A. Galiyev, R. Kaibyshev, G. Gottstein, Acta Mater, 49 (2001) 1199-1207.
[24] H.J. McQueen, M.M. Myshlyaev, A. Mwembela, Can Metall Quart, 42 (2003) 97112.
[25] A. Mwembela, E.B. Konopleva, H.J. McQueen, Scripta Mater, 37 (1997) 1789-1795.
[26] A. Grosvenor, C.H.J. Davies, Thermec'2003, Pts 1-5, 426-4 (2003) 4567-4572.
121

[27] W. Woo, Z. Feng, X.L. Wang, D.W. Brown, B. Clausen, K. An, H. Choo, C.R.
Hubbard, S.A. David, Sci Technol Weld Joi, 12 (2007) 298-303.
[28] O. Frigaard, O. Grong, O.T. Midling, Metall Mater Trans A, 32 (2001) 1189-1200.
[29] A. Arora, Z. Zhang, A. De, T. DebRoy, Scripta Mater, 61 (2009) 863-866.
[30] A. Bastier, M.H. Maitournam, K.D. Van, F. Roger, Sci Technol Weld Joi, 11 (2006)
278-288.
[31] H.W. Zhang, Z. Zhang, J.T. Chen, J Mater Process Tech, 183 (2007) 62-70.
[32] H.N.B. Schmidt, J. Hattel, Int J Offshore Polar, 14 (2004) 296-304.
[33] P. Ulysse, Int J Mach Tool Manu, 42 (2002) 1549-1557.
[34] P.A. Colegrove, H.R. Shercliff, Sci Technol Weld Joi, 9 (2004) 345-351.
[35] R. Crawford, G.E. Cook, A.M. Strauss, D.A. Hartman, M.A. Stremler, Science and
Technology of Welding and Joining, 11 (2006) 657-665.
[36] H. Schmidt, J. Hattel, Model Simul Mater Sc, 13 (2005) 77-93.
[37] S. Guerdoux, L. Fourment, Model Simul Mater Sc, 17 (2009) 1-32.
[38] R. Nandan, T. DebRoy, H.K.D.H. Bhadeshia, Prog Mater Sci, 53 (2008) 980-1023.
[39] M.Z.H. Khandkar, J.A. Khan, A.P. Reynolds, Sci Technol Weld Joi, 8 (2003) 165174.
[40] Z.Y. Ma, R.S. Mishra, M.W. Mahoney, in: TMS, 2003, pp. 221-230.
[41] J.H. Ouyang, R. Kovacevic, J Mater Eng Perform, 11 (2002) 51-63.
[42] P.B. Prangnell, C.P. Heason, Acta Mater, 53 (2005) 3179-3192.

122

[43] L. Fratini, G. Buffa, D. Palmeri, J. Hua, R. Shivpuri, Sci Technol Weld Joi, 11 (2006)
412-421.
[44] P.A. Colegrove, H.R. Shercliff, Journal of Materials Processing Technology, 169
(2005) 320-327.
[45] R. Nandan, G.G. Roy, T. Debroy, Metall Mater Trans A, 37A (2006) 1247-1259.
[46] T.U. Seidel, A.P. Reynolds, Metall Mater Trans A, 32 (2001) 2879-2884.
[47] K. Colligan, Weld J, 78 (1999) 229S-237S.
[48] Y. Li, L.E. Murr, J.C. McClure, Scripta Mater, 40 (1999) 1041-1046.
[49] Y. Li, L.E. Murr, J.C. McClure, Mat Sci Eng a-Struct, 271 (1999) 213-223.
[50] A. Guerra, C. Schmidt, J.C. McClure, L.E. Murr, A.C. Nunes, Mater Charact, 49
(2002) 95-101.
[51] D.P. Field, T.W. Nelson, Y. Hovanski, K.V. Jata, Metall Mater Trans A, 32 (2001)
2869-2877.
[52] Y.S. Sato, H. Kokawa, K. Ikeda, M. Enomoto, S. Jogan, T. Hashimoto, Metall Mater
Trans A, 32 (2001) 941-948.
[53] S.H.C. Park, Y.S. Sato, H. Kokawa, Metall Mater Trans A, 34A (2003) 987-994.
[54] É. Martin, L. Capolungo, L. Jiang, J.J. Jonas, in: Acta Mater, 2010.
[55] J.W. Christian, S. Mahajan, Prog Mater Sci, 39 (1995) 1-157.
[56] R.E. Reed-Hill, Inhomogeneity of Plastic Deformation, ASM, Metals Park, Ohio,
1973.

123

[57] D.W. Brown, S.R. Agnew, M.A.M. Bourke, T.M. Holden, S.C. Vogel, C.N. Tome,
Mat Sci Eng a-Struct, 399 (2005) 1-12.
[58] A. Jain, S.R. Agnew, Mat Sci Eng a-Struct, 462 (2007) 29-36.
[59] M.R. Barnett, Z. Keshavarz, A.G. Beer, X. Ma, Acta Mater, 56 (2008) 5-15.
[60] S.W. Xu, S. Kamado, N. Matsumoto, T. Honma, Y. Kojima, Mat Sci Eng a-Struct,
527 (2009) 52-60.
[61] M.R. Barnett, Mat Sci Eng a-Struct, 464 (2007) 8-16.
[62] S.E. Ion, F.J. Humphreys, S.H. White, Acta Metall Mater, 30 (1982) 1909-1919.
[63] O. Sitdikov, R. Kaibyshev, T. Sakai, Magnesium Alloys 2003, Pts 1 and 2, 419-4
(2003) 521-526.
[64] H.Q. Sun, Y.N. Shi, M.A. Zhang, K. Lu, Acta Mater, 55 (2007) 975-982.
[65] H. Watanabe, H. Tsutsui, T. Mukai, K. Ishikawa, Y. Okanda, M. Kohzu, K. Higashi,
Mater Trans, 42 (2001) 1200-1205.
[66] Q. Guo, H.G. Yan, H. Zhang, Z.H. Chen, Z.F. Wang, Materials Science and
Technology, 21 (2005) 1349-1354.
[67] G.J. Huang, L.Y. Wang, G.S. Huang, F.S. Pan, Magnesium - Science, Technology
and Applications, 488-489 (2005) 215-218.
[68] J.C. Tan, M.J. Tan, Mat Sci Eng a-Struct, 339 (2003) 124-132.
[69] M.M. Myshlyaev, H.J. McQueen, A. Mwembela, E. Konopleva, Mat Sci Eng aStruct, 337 (2002) 121-133.

124

[70] F.J. Humphreys, M. Hatherly, Recrystallization and Related Annealing Phenomena,
Elsevier Ltd, Kidlington, Oxford, 1995.
[71] R.D. Doherty, D.A. Hughes, F.J. Humphreys, J.J. Jonas, D.J. Jensen, M.E. Kassner,
W.E. King, T.R. McNelley, H.J. McQueen, A.D. Rollett, Mat Sci Eng a-Struct, 238
(1997) 219-274.
[72] F.J. Humphreys, Recrystallization and Grain Growth, Pts 1 and 2, 467-470 (2004)
107-116.
[73] A.G. Beer, M.R. Barnett, Metall Mater Trans A, 38A (2007) 1856-1867.
[74] M.R. Barnett, D. Atwell, A.G. Beer, Mater Sci Forum, 467-470 (2004) 435-440.
[75] M.R. Barnett, Mat Sci Eng a-Struct, 464 (2007) 1-7.
[76] Z. Yu, W. Zhang, H. Choo, Z. Feng, in, University of Tennessee, Knoxville, TN,
2010.
[77] V. Voort, Metallography Principles and Practice, ASM International, New York,
1999.
[78] L. Balogh, G. Ribarik, T. Ungar, in: J Appl Phys, 2006, pp. -.
[79] T. Ungar, S. Ott, P.G. Sanders, A. Borbely, J.R. Weertman, Acta Mater, 46 (1998)
3693-3699.
[80] M. Wilkens, K. Eckert, Z Naturforsch Pt A, A 19 (1964) 459-&.
[81] L. Balogh, G. Tichy, T. Ungar, J Appl Crystallogr, 42 (2009) 580-591.
[82] M. Wilkens, Fundamental Aspects of Dislocation Theory, Nat. Bur. Stand. (US)
Washington, DC., 1970.
125

[83] T. Ungar, J. Gubicza, G. Ribarik, A. Borbely, J Appl Crystallogr, 34 (2001) 298-310.
[84] B.E. Warren, Progress in Metal Physics, 8 (1959) 147-202.
[85] J.I. Langford, D. Louer, P. Scardi, J Appl Crystallogr, 33 (2000) 964-974.
[86] W.C. Hinds, Aerosol Technology: Properties, Behavior and Measurement of
Airbone Particles, Wiley, New York, 1982.
[87] Z. Yu, H. Choo, Unpublished work.
[88] Wonsiewi.Bc, W.A. Backofen, T Metall Soc Aime, 239 (1967) 1422-&.
[89] B.C. Liechty, B.W. Webb, Int J Mach Tool Manu, 48 (2008) 1474-1485.
[90] R. Nandan, G.G. Roy, T.J. Lienert, T. Debroy, Acta Mater, 55 (2007) 883-895.
[91] P.A. Colegrove, H.R. Shercliff, Sci Technol Weld Joi, 9 (2004) 352-361.
[92] J.J. Spurk, N. Aksel, Fluid Mechanics, 2nd ed., Springer-Verlag, Berlin, Heidelberg,
2008.
[93] W. Zhang, G.G. Roy, J.W. Elmer, T. DebRoy, J Appl Phys, 93 (2003) 3022-3033.
[94] http://www.ansys.com/products/fluid-dynamics/fluent/, Fluent User Manual.
[95] S.X. Song, J.A. Horton, N.J. Kim, T.G. Nieh, Scripta Mater, 56 (2007) 393-395.
[96] S. Spigarelli, M. El Mehtedi, M. Cabibbo, E. Evangelista, J. Kaneko, A. Jager, V.
Gartnerova, Mat Sci Eng a-Struct, 462 (2007) 197-201.
[97] Q. Guo, H.G. Yan, Z.H. Chen, H. Zhang, Mater Sci Tech-Lond, 22 (2006) 725-729.
[98] J.H. Guo, L.Q. Chen, B. Xu, Z. Lian, Mat Sci Eng a-Struct, 443 (2007) 66-70.
[99] S.S. Vagarali, T.G. Langdon, Acta Metall Mater, 30 (1982) 1157-1170.
[100] H. Palaniswamy, G. Ngaile, T. Altan, J Mater Process Tech, 146 (2004) 52-60.
126

[101] Y.J. Chao, X.H. Qi, J Mater Process Manu, 7 (1999) 215-233.
[102] M. Avedesian, H. Baker, ASM Specialty Handbook: Magnesium and Magnesium
Alloys, ASM International, 1999.
[103] W.J. Arbegast, P.J. Hartley, in: Proceedings of the Fifth International Conference
on Trends in Welding Research, Pine Mountain, GA, 1998, pp. 541-546.
[104] B.C. Liechty, B.W. Webb, J Mater Process Tech, 208 (2008) 431-443.
[105] J.H. Adams, M. Ammons, H.S. Avery, in: Properties and Selection: Nonferrous
Alloys and Special-Purpose Materials, ASM International, 1992.

127

Vita

Zhenzhen Yu was born in Shandong Province, China, in 1981. She received the
B.S. degree in Mechanical Engineering (ME) from East China University of Science and
Technology (ECUST), Shanghai, China, in 2003, and in the same year, she was admitted
as a graduate student by the department of ME at ECUST. In 2006, she transferred to Dr.
Hahn Choo’s research group in Materials Science and Engineering (MSE) at the
University of Tennessee (UTK), Knoxville, USA. She received the M.S. degree in MSE
from UTK in 2008 and completed her Doctor of Philosophy degree in 2010.

128

